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Several studies have examined the land use and economic consequences of 
national and multi-national biofuel policies.  They explored the impacts of biofuels 
mandates mainly based on the quantitative biofuel targets.  However, the recently 
updated renewable policies of the United States and the European Union, which are the 
US Renewable Fuel Standard (RFS)  and EU Directive 2009/28 of the Renewable Energy 
Directive (RED) both place restrictions on land that can be used to produce biofuel, and 
these restrictions are generally known as sustainability criteria.  This research aims to 
determine to what extent sustainability criteria are actually binding; that is, would they in 
reality limit the availability of land for meeting the US and EU biofuel targets. 
A modified version of the GTAP global computational general equilibrium is 
used to analyze the impacts of biofuel targets for the US and the EU.  ArcGIS was used 
to develop data bases of the land that needed to be excluded from biofuel production to 
meet US and EU sustainability criteria.  We implemented five different cases: 1) US 
biofuel RFS policy; 2) EU biofuel targets; 3) a combination of US and EU targets; 4) US 
and EU biofuel targets plus fixing food consumption in developing countries; and 5) US 
and EU biofuel targets plus holding food consumption constant globally.  The last two 
cases are of interest because some policy makers have interest in understanding the land 
use changes induced by biofuels when food consumption is not allowed to fall.  The 
results clearly demonstrate that the biofuel targets can be met in all five cases from 
xii 
 
sustainable land. In other words, the sustainability criteria are not binding in achieving 
the given biofuel targets.  Nonetheless, the indirect land use change caused by biofuel 




CHAPTER 1 INTRODUCTION 
Biofuel refers to the liquid or gaseous fuels made from biomass such as traditional 
crops, dedicated crops, agricultural and forestry by-products, and other waste material [1, 
2].  The world has been relying on the use of fossil fuel as a primary energy source for 
several decades.  Fossil fuel is energy-rich but like most other resources, is limited and 
exhaustible.  Several concerns arise from current fossil fuel consumption including high 
dependence on foreign oil and the associated huge national expense for oil imports, 
diminishing fossil fuel supply with expected increasing consumption rate, uncertainty in 
the availability of the existing reserves, and environmental unfriendliness, i.e., 
greenhouse gas emissions.  These issues have triggered the interests of many nations to 
seriously explore alternative sources of energy and fuels.  Biofuels are an attractive 
alternative because they are renewable and can be produced and consumed locally. 
Biofuels are typically categorized by feedstock and conversion technology [3]. 
First generation biofuels (ethanol and biodiesel) are derived from food and feed crops and 
involve relatively well established and simple conversion of starch or sugar (ethanol) or 
vegetable oil or animal fat (biodiesel) to fuel.  Second generation biofuels are derived 
from other biomass, mainly lignocellulosic materials and dedicated energy (non-edible) 
crops and require much more advanced conversion technologies.  Several concerns have 
arisen over the implications of using food crops, which are the primary first generation 
biofuel feedstocks.  First, feedstocks are diverted from producing food to producing 
biofuels, thereby creating competition with food.  Second, first generation biofuels 
generally do not have a large reduction in greenhouse gas emissions partly because of 
induced land-use change[4]. Induced land use change occurs when current cropland 
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cannot produce enough crops for food, feed, and fuel; consequently, deforestation or 
pasture conversion occurs to expand cropland. 
Currently, the world’s leading producers of biofuels are the United States (US), 
Brazil, and the European Union (EU).  Types of biofuels vary with feedstock availability 
and fuel demand in each region[5].  Governments in each area have put into place 
policies to promote biofuel development. Examples include the US Renewable Fuel 
Standard (RFS), the EU Renewable Energy Directive 2009/28, and the ethanol program 
in Brazil [6-8]. 
In general, national biofuel programs, in particular in US and EU, have two major 
components. The first component defines a timeline to achieve certain levels of biofuel 
production over time. The second component defines sustainability criteria.  While 
biofuel targets mandate certain levels of biofuel production, sustainability measures put 
restrictions on land-use changes induced by biofuel production. One can consider land 
restrictions defined in biofuel programs as a set of mandates which restrict land that can 
be used to produce biofuels. This means that biofuel programs impose two sets of 
mandates at the same time: 1) biofuel targets and 2) land restrictions.  In recent years 
several studies have examined the land use and economic consequences of national and 
multi-national biofuel targets [9-13].  However, to the best of our knowledge almost no 
one has examined the consequences of biofuel targets in the presence of sustainability 
criteria.  This research fills the gap in this area by taking into account the fact that 
biofuels policies consist of biofuel targets and sustainability criteria, and attempts to 
answer the following important questions: 
• Is there enough land to meet biofuel targets and comply with land restrictions 
defined in biofuel programs globally? 
• Do the sustainability criteria change the amount of land required or the location 
where the land use change occurs? 
Therefore, the main objective of this research is to determine the extent to which 
the US and EU sustainability criteria are binding. That is, we will do the analysis due to 
the change from the biofuel mandates and compare with the available sustainable land as 
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defined in the US and EU sustainability rules.  Previous research implicitly assumes the 
sustainability criteria are not binding. 
First, we will determine the sustainable land for biomass production based on US 
and EU sustainability criteria.  The ArcGIS program will be used in this process.  Second, 
we will examine the induced land-use changes and economic consequences of the multi-
national biofuel targets in the absence of sustainability criteria.  The results will be used 
in the third phase.  That is, the needed land in each region will be compared with the 
available sustainable land from the first step to identify any binding regions/AEZs.  The 
sustainability criteria defined in country level biofuel programs cover a wide range of 
topics including concerns about food consumption, environmental issues, and land 
restrictions. This second phase of the research will only concentrate on land constraints 
defined in country level biofuel programs. In general, these constraints restrict land 
conversions in response to biofuel production. 
The last step will be to apply induced land-use change, sustainability criteria and 
restrictions on reductions in food consumption.  To the extent that governments are 
concerned about the food/fuel competition, they may at some point choose to implicitly 
or explicitly restrain biofuel competition with food.  An example is the most recent EU 
proposal limiting the use of food products to 5 percent of the 10 percent renewable fuel 
target [14].  We will perform this analysis by applying the sustainability criteria and at 
the same time constrain food consumption not to fall. 
Chapter 2 contains the overview of biofuels production and biofuel policies of 
important countries such as the US, EU, and Brazil.  Chapter 3 covers literature review of 
previous research related the impacts from biofuel policies with the focus on the land-use 
impacts.  Then, chapter 4 covers context of sustainability and also focuses on the US and 
EU biofuel policies..  Sustainability criteria, data used and methods applied in a 
development of sustainable land data bases are covered in chapter 5.  Chapter 6 explains 
the methodology relating to the GTAP model, including the detail of biofuel expansion 
scenarios.  Chapter 7 contains the results of sustainable land data bases and the impact 
analysis due to biofuel expansion in the presence and absence of sustainability criteria.  
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CHAPTER 2 OVERVIEW OF BIOFUELS PRODUCTION AND POLICIES 
Biofuels can come in various types e.g. ethanol, biodiesel, and/or drop-in fuels 
depending on the biomass or feedstock types and production process.  The feedstock 
availability/accessibility of each country together with the liquid fuel demand and 
production costs in the country/region generally dictate the technology used in the 
biofuels production.  For example sugarcane is used in Brazil because of their 
competitive advantage in producing sugarcane ethanol. Biodiesel is the dominant biofuel 
in the European Union because the vehicle fleet is mostly diesel and also abundance of 
rapeseed.  In this section, we will cover production technologies of different types of 
biofuels and also the biofuels policies of some significant biofuel players. 
 
2.1 Biofuels Production Technology 
Biofuels can be produced by various methods depending on the feedstock types 
and conversion technology. The following section briefly describes the production 
technology for ethanol, biodiesel, and the second generation biofuels. 
 
2.1.1 Production Technology for Ethanol 
Ethanol can be produced from three main categories of raw materials: sugar 
containing crops (e.g. sugar cane, sweet sorghum, sugar beet), starch containing crops 
(e.g. wheat, barley, rice, corn, potato, cassava), and cellulosic biomass (e.g. wood, wood 
waste, and agricultural residues) [15, 16].  Regardless of feedstock, ethanol requires 
fermentation to convert sugar to alcohol.  Starchy grains, such as corn, are common 
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feedstock for ethanol production; grains need to be prepared either by wet milling or dry 
grinding before going through the fermentation process [2, 17].  Different preparation 
methods also give different co-products, for instance, wet milling process produces 
nutraceuticals, pharmaceuticals, organic acid solvents, and animal feeds [15, 18], while 
dry grinding process gives distillers dried grains with solubles (DDGS) for animal feed 
[19, 20].  Once the preparation process is done, the structure of starch, which consists of a 
long chain polymer of glucose, is still too large to begin the fermentation.  Enzymes are 
needed in this process to breakdown these (starch) macromolecules into smaller and 
simpler glucose.  Typically, this step requires heating of ground starchy mixture with 
water and enzymes; this process is generally referred to saccharification.  To convert the 
sugars to ethanol, typically yeast, but sometimes bacteria or mold are added to produce 
ethanol and carbon dioxide. [15]. 
 
2.1.2 Production Technology for Biodiesel 
Biodiesel can be produced from four main categories of raw materials; virgin 
vegetable oil (e.g. rapeseed oil, soybean oil, canola oil, sun-flower oil, and palm oil); 
waste vegetable oil; animal fats (e.g. tallow, lard); and non-edible oil (e.g. Jatropha, 
neem oil, castor oil)[21].  The first and foremost issue of vegetable oil used for fuel is its 
high viscosity; thus, lowering viscosity is the first necessary step [22, 23].  Trans-
esterification is the chemical reaction between triglycerides in the oils and alcohol 
(usually methanol or ethanol).  Trans-esterification is a step-wise process that results in 
methyl (or ethyl) ester and glycerol.  The derived esters have similar physical properties 
to fossil diesel, and glycerol is a valuable by-product from the process [21]. 
 
2.1.3 Production Technology for Second Generation Biofuels 
Concerns have arisen over the implications of using food crops, which are the 
primary first generation biofuels feedstocks.  Hence, it becomes increasingly essential to 
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look for ‘better’ biofuels that mitigate the concerns arising from the first generation 
biofuels. 
For the second generation biofuels derived from lignocellulosic materials, the 
process is more complicated.  Lignocellulosic feedstocks include agricultural by-products 
(e.g. straw, sugar cane bagasse); forest residues; waste (e.g. organic component of 
municipal solid waste); and dedicated feedstocks (e.g. grasses, short-rotation forest and 
energy crops) [4, 15].  Lignocellulosic feedstocks can be used to produce biofuels in two 
paths: biochemical and thermo-chemical processes.  The biochemical process is the 
process of using enzyme and micro-organisms to convert cellulose and hemicelluloses in 
the feedstock to sugar prior the fermentation.  There are several kinds of thermochemical 
processes with the main ones being pyrolysis and gasification.  Pyrolysis yields a bio-oil 
that can be further refined to fuels.  Gassification produces a synthesis gas (carbon 
monoxide and hydrogen) from which a wide range of long carbon chain biofuels can be 
reformed, based on Fischer-Tropsch conversion [4, 24]. 
Oil-originated second generation biodiesel can be derived from the following 
plant types and species; Jatropha, Ratanjyote, rubber seed tree, silk cotton tree, babassu 
tree, and microalgae.  As they all oil-bearing plants/organisms, trans-esterification could 
possibly be the process of choice [2, 21].  
 
2.2 Biofuels Production in Each Major Country/Region  
The world’s leading producers of biofuels are the United States, Brazil, and the 
European Union.  This section presents the biofuels production of the leading biofuels 
producers and also other countries that play or potentially play a significant role in 
biofuel production and consumption. 
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2.2.1 Biofuel Production in the United States 
The United States’ interest in biofuels has dated over three decades.  The U.S. 
produces both ethanol and biodiesel.  The typical feedstock for ethanol production is 
corn.  Biodiesel in the US is mainly produced from soybeans [25, 26]. 
Ethanol production in the US has always been supported by the government in 
some form.  Tyner [26] reports that the form of support used in 2008 was the federal 
subsidy at 13.5 cents per liter.  This subsidy mechanism began in the form of excise tax 
exemption for blended fuel and later progressed into the tax credit for the entity that 
blends the ethanol with gasoline.  Besides the federal subsidy, there were also state 
subsidies.  To protect the domestic ethanol industry from low-cost foreign ethanol, the 
government also imposed an import tariff of 14.3 cents per liter, plus 2.5 percent of the 
import value [26].  Both the ethanol subsidy and the import tariff were terminated at the 
end of 2011 [27]. 
The most important renewable policy of the US to date is known the Renewable 
Fuel Standard (RFS).  The Renewable Fuel Standard (RFS) began under the Energy 
Policy Act (EPAct) in 2005 establishing the first mandate for renewable fuels in the US.  
The RFS program was later expanded in the Energy Security and Independence and 
Security Act (EISA) of 2007.  EISA expands the RFS program to include diesel, 
increases total renewable fuel target to 36 billion gallons (BG) ethanol equivalent by 
2022, establishes new categories of renewable fuels with their targets, and introduces life-
cycle greenhouse gas thresholds for renewable fuels. 
Today growth in ethanol consumption in the US is blocked by something called 
the blend wall [28].  Fifteen bgy of the RFS can come from corn-based ethanol, and the 
remainder from advanced biofuels (Figure 2-1).  The total national finished motor 
gasoline consumption peaked at 142.4 billion gallons (BG) in 2007 but dropped to only 
133.4 BG in 2012 [29].  With the E10 blending rate, maximum alcohol would be around 
13.4 BG (or 51 billion liters of ethanol).  This current blend wall of 10% blending limit 
becomes the great constraint for the ethanol industry because the US is already capable of 
producing over this limit (14.7 billion gallons of ethanol per year).  If more ethanol is 
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offered to the market than can be absorbed, then the price falls, which was the case for 
much of 2012.  Hence, the two obvious opposing situations are happening: 1) RFS 
requirement for increasing biofuels production in each year to 2022, and 2) the blend wall 
that prevents ethanol production from growing to meet the RFS target by 2022.  One 
potential solution to the blend wall problem is the implementation of E85 in flex-fuel 
vehicles (FFVs).  However, the current infrastructure constrains such implementation 
[19, 20]. 
 
Figure 2-1: The structure of the RFS Renewable Target Mandate 
 
The surge in oil price and subsidy together enhanced the growth of the US ethanol 
industry in the past decade, which also contributed to the increase of corn prices.  The 
other consequence as a result of this ethanol boom was expansion of corn area. 
 
2.2.2 Biofuel Production in the European Union (EU) 
The European Union has a significant role in the biofuels of the world.  The 
initiation of biofuels policies began in early 2000s, and the noteworthy document was the 
2003 Biofuels Directive.  Then, the most updated policy that has the greatest impact is 














the Renewable Energy Directive (RED) 2009/28/EC, which is part of the EU Energy and 
Climate Change Package (CPP).  The RED mandates the 20/20/20 targets which are 
described briefly as the following: 
• A 20 percent reduction in green-house gas (GHG) emissions by 2020 compared to 
1990 
• A 20 percent improvement in energy efficiency compared to forecasts for 2020 
• A 20 percent share for renewable energy in the EU total energy mix.  Part of this 
20 percent share is a 10 percent minimum target for renewable energy consumed 
in transport to be achieved by all member states (MS) 
The above package was introduced at the European Commission on June 25, 
2010, and it was to be implemented by December 2010.  According to USDA reports, it 
is unlikely that all MS can meet the mandates to establish national law by the required 
deadline, except Germany which has proceeded the furthest of any other members of the 
EU [30-32]. 
In 2011, biodiesel accounted for 70 percent of the renewable fuel road transport of 
the EU, 28 percent being ethanol, and the remaining being advanced biofuels [32].  
Biodiesel is produced from various feedstocks in the EU, but rapeseed is the most 
common due to its domestic availability.  Biodiesel production has faced challenges due 
to low crude oil prices, high vegetable oil prices, increasing biodiesel imports and 
financial crises.  USDA reports that the upward trend on consumption of biodiesel in the 
EU has reached a plateau due to the lesser tax incentives.  Moreover, Germany, the 
largest in biodiesel market, is also losing its position to France due to the introduction of 
E10 and double counting of waste oil based biodiesel that reduces the growth 
conventional biodiesel to meet the target [32].  Nonetheless biodiesel will be challenged 
by the sustainability criteria which requires that biofuels used in the EU reduce GHG 
emission at least 35 percent in order to count toward the 10 percent renewable consumed 
goal.  As a result, some current biodiesel imports and biodiesel feedstock imports might 
not be permitted for the biofuel targets including palm oil from Indonesia [33]. 
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Conventional ethanol has a smaller role in the biofuels mix of the EU compared to 
biodiesel.  Ethanol in the EU is mostly produced from wheat, corn, rye, and sugar beet.  
Increases in grain prices often create disruption in ethanol production.  The European 
Union also puts great attention to the development of advanced biofuels, lignocellulosic 
biofuels for instance.  In the RED, the second generation biofuels (lignocellulosic, non-
food cellulosic and waste and residue materials) will get double credit toward the 10 
percent goal [31, 34, 35]. 
 
2.2.3 Biofuel Production in Brazil 
Biofuel production in Brazil has a long history, but the significant turn happened 
after the oil crisis in the 1970s.  The alcohol industry in Brazil began by the drive of high 
oil and fluctuating sugar prices.  The Brazilian government’s interest in ethanol started in 
1931 due to high trade deficit from oil importation; hence ethanol was aimed to be used 
as gasohol (gasoline and ethanol mix) in engines.  The National Alcohol Program (or 
PROALCOOL) was created in 1974 by the government to implement and regulate the 
use of hydrated ethanol as fuel and also anhydrous ethanol that could be blended with 
petroleum gasoline.  The program was successful mainly because of the strict 
government intervention in the form of research and development funding, subsidies, 
mandates, guaranteed loans, etc.  As a result, there was no pure petroleum gasoline being 
used since 1980, only ethanol/gasoline blends are being used in Brazil.  Later, the 
government announced flex-fuel vehicles (FFVs) to be eligible for same tax breaks as 
alcohol-based vehicles.  This allowed consumers to better react and respond to price 
changes of the two markets. FFVs became highly demanded and resulting in the renewed 
demand of ethanol.  Sugar cane still remains the most important feedstock for ethanol 
production in Brazil [36-38]. 
Brazil is also interested in biodiesel as alternative and renewable fuel.  The 
objective of the National Program of Biodiesel Production and Use (PNPB) created in 
2002 is to substitute all diesel in the country with B5 (a 5% biodiesel and 95% diesel 
blend) and within 15 years by B20 (a 20% biodiesel and 80% diesel blend).  The 
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biodiesel feedstock in Brazil varies among regions e.g. soybean, sunflower, castor bean, 
and cotton seed from the south, southwest and central regions; palm oil, soybean and 
castor bean from northeast and north regions.  Among these oil-producing plants, 
soybean is the single largest source for biodiesel production in Brazil [36, 37].  In 2012, 
ethanol was estimated to account for 88 percent of the biofuels mix in Brazil transport 
fuel consumption, which is similar to 2011 with the remaining being biodiesel [39].  
Nonetheless, Brazil has not included the restrictions on land use or sustainability criteria 
in the production of liquid biofuels in any of their renewable policies. 
 
2.2.4 Biofuels Outlook of Some Important Countries 
2.2.4.1 China 
China is worth mentioning as one of the fastest growing economies in world that 
requires a large amount of energy in their growth and development.  China, similar to 
many countries, relies on the foreign oil imports; thus, the need to search for alternative 
sources of energy is inevitable.  Biofuels production in China is dominated by ethanol.  
The main reason is feedstock availability.  Ethanol can be produced from available 
domestic feedstocks, which are corn, wheat, sweet sorghum, cassava, sweet potatoes and 
Jerusalem artichoke.  The problem remains with the feedstocks from food crops, i.e., corn 
(primary ethanol feedstock) and wheat (staple food).  Previously, only inferior corn (low 
quality, unsuitable for food) were used for ethanol production, but as oil prices surged, 
demand for ethanol also increased and brought regular food corn to be feedstock.  To 
prevent potential food price and food shortage problems, China is forced to focus on the 
non-food ethanol crops such as cassava, sweet potatoes, and sweet sorghum.  Biodiesel 
production faces challenges regarding the feedstock.  In fact, China is one of the world’s 
largest importers of edible oils.  Nonetheless, China still needs to develop the biodiesel 
due to the fact that diesel market is twice the size of gasoline, which also means that 
demand for biodiesel will rise even more quickly than ethanol [40]. 
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China has already developed a system of biofuels industry standards and also set a 
target for 15% of non-fossil fuels from total fuel consumption by 2020.  However, most 
perceive that China will have great difficulty meeting the target [41, 42].  In 2012, 
ethanol production reached 2.4 billion liters, while biodiesel production was 568 million 
liters.  China’s food/feed price inflation will likely be the major obstacle for the future 
biofuels production expansion for China and especially with the rapid growth in demand 
for all motor fuel [43]. 
2.2.4.2 India 
India faces a tough situation on the energy issue.  Similar to China, India is on an 
upward development trend; hence it requires a great amount of energy, and most of this 
energy is from oil imports.  Yet, progress in biofuel development is slow. India always 
has concerns on food security.  India is the world’s largest edible oil importer and also a 
net grain importer.  Hence, using edible oil or grain crops for biofuels feedstocks is 
unlikely.  Currently, bioethanol is produced from sugar molasses.  Sugar cane is 
domestically available, but water used in sugar cane ethanol production is likely to be an 
issue due to water scarcity.  As a result, the government is promoting and encouraging 
the production and use of ethanol produced from sugar molasses for blending with 
gasoline and biodiesel produced from non-edible oils (e.g. Jatropha) for blending with 
fossil diesel.  The target blending rates were 5% for ethanol by 2010/2011, and 20% 
biodiesel by 2011/2012 [44].  These targets were not met [45]. 
Nonetheless, ethanol derived from sugar molasses faces other challenges.  Sugar 
molasses is by-product of domestic sugar production.  Since sugar cane production is 
cyclical, the availability of sugar molasses depends on quantity and time of sugar 
produced, and disruption in the ethanol feedstock occurs.  Biodiesel production is even 
more challenging.  The most likely chance of the industry will depend on the biodiesel 
produced from Jatropha (under research and development), and second generation 
biodiesel produced from non-edible feedstocks [40, 44].  At present, the Jatropha-based 
biodiesel production and market is very small, with an estimate of only 140 – 300 million 
liters per year compared to a much larger ethanol production capacity of 1.5 billion liters 
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for fuel.  Nonetheless, the unstable and generally low availability of sugar molasses can 
always threaten ethanol production in India [45]. 
2.2.4.3 Indonesia and Malaysia 
Indonesia and Malaysia also merit attention. They are the first and second world 
palm oil producers and exporters.  Palm oil has long been used as cooking oil, but the 
recent biofuels trend gives it significance as a biodiesel feedstock especially to the EU. 
The biofuels industry began about a decade ago; with the main focus on biodiesel 
for the purpose of efficiently using their ample palm oil.  Additionally, Indonesia sees 
biodiesel from palm oil as a way to create jobs and raise living standards, which are 
stated as part of the National Biofuels Policy [40].  Besides palm oil, Jatropha is planned 
to be another feedstock for biodiesel production, but currently almost all of biodiesel 
produced is from palm oil.  In 2007, 520,000 tons (or 590,000 kiloliter (kL)) of biodiesel 
were produced.  The current national production capacity of biodiesel is 4.3 million kL 
per year from 20 biodiesel producers.  The actual biodiesel production is much less than 
the capacity, and it is estimated to reach only 400 million liters in 2010 (or 0.4 million 
kL), because domestic biodiesel consumption is not popular. Thus, the foreign market is 
primary biodiesel outlet, especially the non-rapeseed EU countries such as the 
Netherlands, Italy and Spain.  Indonesian biodiesel faces the challenge in trading with the 
European Union countries/states; the EU Renewable Energy Directive requires the 
biofuels feedstock to have carbon saving threshold level at 35 percent, but the EU 
claimed that Indonesian palm biodiesel cannot meet this target.  Nonetheless, biodiesel 
production increased to 1.52 billion liters in 2011.  The key drivers to this rise were an 
increased domestic processing capacity and a strong demand from Europe (domestic 
consumption accounted for only 10 percent of this production) [46]. 
The bioethanol industry of Indonesia is small compared to the biodiesel industry.  
Feedstocks, i.e., sugarcane (including sugar molasses – by-product of sugar refining) and 
cassava, have low level of plantation areas.  Alcohol is strictly prohibited for religious 
reasons resulting in low establishment of any alcohol-related activities.  There are 
currently 5 bioethanol plants with the combined producing capacity of 153 million liters 
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per year.  The expansion of ethanol feedstock plantation is under way.  The Indonesian 
government has set a mandate for the use of biofuels at 5 percent of domestic energy 
needs by 2025 [40, 47].  Nonetheless, Indonesia has not produced fuel ethanol since 
2010; the main reason is being the increasing price of its primary feedstock, molasses 
[46]. 
Malaysia’s National Biofuel Policy was created with the aims to reduce foreign 
oil dependence and also promote palm biodiesel.  Despite the government’s 
determination to promote palm biodiesel, government’s unclear direction regarding the 
biodiesel blend (B5) mandate posts a concern to the market and industry in the 
development and implementation to biodiesel sector [48].  Like Indonesia, most of the 
biodiesel produced is exported to the EU.  Under the EU’s Renewable Energy Directive, 
Malaysia’s palm biodiesel production currently cannot meet the GHG reduction 
requirement.  It is important to note biodiesel will remain the dominant form of biofuels.  
Ethanol production is commercially insignificant and is unlikely to become significant 
due to subsidies provided to gasoline by the government [40, 49].  Ethanol production 
remained insignificant in 2012.  However, the biodiesel production also faced difficulty.  
Biodiesel production dropped from the high in 2009 of 222 million tons to only 15 
million tons in 2012.  The main reasons were subsidy provided to petroleum-based fuels 





CHAPTER 3 LITERATURE REVIEW 
Despite the fact that biofuels are expected to reduce dependence on fossil fuels 
and greenhouse gas emissions; the expansion of biofuels production has raised several 
concerns about their adverse impacts on food prices, environment and other resources.  
We will focus on those studies which examined the impacts of biomass/biofuels 
production on land and their study approaches.  Wolf et al. [51] projected food 
requirement in 2050 based on future population size and food requirement per capita.  
The food production is calculated by the LINTUL model, the concise crop growth 
simulation model, based on all areas that are potentially suitable for agricultural 
production.  The remaining area after the food production requirement is then available 
for biomass production.  The result showed that agricultural land would be sufficient for 
both food and biomass production under the high input case (with the assistance of 
fertilizer and pesticide practices).  In the case of the low input, all agricultural land would 
need to be dedicated to food production only [51]. 
Rosegrant et al. [52] used the IMPACT model (International Model for Policy 
Analysis of Agricultural Commodities and Trade) which was developed by IFPRI 
(International Food Policy Research Institute). The IMPACT model applied a partial-
equilibrium framework to study the impact and implication of biofuels production 
expansion through the interactions between agricultural commodity supply and demand, 
including trade.  The model consists of crop and livestock commodities with supply, 
demand, and prices of 115 countries.  A series of linear and non-linear equations are used 
to link countries, regions, and markets together to capture the underlying production and 
demand functions.  The result determined that biofuel expansion would lead to an 
increase in food prices especially for those commodities used for biofuel production.  
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For some crops, the expansion of existing area is found, and for others, substitution of 
land occurs. 
Searchinger et al. [53] reported that biofuels expansion in the US increases GHG 
emissions from land-use changes.  They used a worldwide model to estimate land-use 
change in cropland from a possible increase in US corn ethanol of 56 billion liters above 
their project level of 2016.  It is found that as corn ethanol demand increases, soybean 
and wheat lands tend to switch to corn.  As a result the prices of soybean, wheat and corn 
rise at 40, 20 and 17 percent respectively.  Furthermore, as more cropland is dedicated to 
corn ethanol, corn exports decline; and eventually farmers will have to cultivate more 
corn to catch up with diminishing exports.  The land conversion to corn production 
creates a carbon debt because forest and pasture is converted to cropland, which causes a 
loss in stored carbon. 
Fargione et al. [54] proposed that the net land demand for biofuel should be 
derived from the biofuel quantity divided by the product of a conversion efficiency of 
production technology used, a crop yield of selected biomass, a correction for non-
harvested acres, and a biofuel co-product discount (e.g. glycerin from biodiesel, bagasse 
from sugarcane ethanol).  With the proposed formulation, it was estimated that biofuels 
required 33.3 million hectares of land in 2008. 
Ozdemir et al. [9] estimated that between 18.5 to 21.1 million hectares of land 
area would be required for biomass production to meet the EU 2020 biofuel mandate.  
They claimed that a potential positive effect from biofuel production exists; that is, the 
use of biofuels co-products as animal feed.  Their work focused on the substitution effect 
of co-products for protein and energy substitutes including rapeseed meal, palm cake, 
soybean meal, pressed beet slices, and DDGS (distiller dried grain with solubles).  Each 
biofuel co-product is quantified for its digestible protein/metabolize-able energy content, 
then the soybean meal / maize substitution per hectare of biofuel cultivation is identified.  
These feed substitution data are converted to land substitution.  The outcome of land area 
requirement for EU biofuel demand including substitution effect is derived. The result 
showed that with the substitution effect the land area requirement to meet the mandate 
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could be reduced up to 0.7 million hectares in the EU (maize land) and up to 7.1 million 
hectares in Brazil (soy land). 
Bringezu et al. [10] conducted a study on the global agricultural land use and 
greenhouse gas emission implication of biomass and biofuel use in Germany.  They took 
the quantification method to account for the global agricultural land for consumption of 
agricultural food and non-food products.  Germany already depended on foreign 
agricultural land to fulfill its food consumption in 2004.  With the EU 2020 target, they 
would require an additional of 2.3 to 3.4 million hectares of land by 2030; mainly driven 
by the biofuels target. 
Smyth et al. [11] examined the deployment of sustainability criteria of the EU 
renewable fuels directive (EC 2009/28).  Various options of biomass were examined; 
both imported and indigenous.  Land requirement /competition, GHG balance, and 
energy balance (energy required to produce biofuels and energy provided from biofuel 
produced) are among points of concern.  The result from the empirical analysis showed 
that only the indigenous biofuels, mainly from grass, have significant potential based on 
the policy compliance and land availability.  However, to achieve the EU 2020 target, 
Ireland would further require biofuels from other sources e.g. waste and residue, wind 
electricity for electric vehicles, and surplus grass. 
Hellmann and Verburg [55] assessed the potential impacts of the EU renewable 
energy directive on land use and biodiversity.  The study used spatially explicit analysis 
by combining GTAP and IMAGE models to project the land use change scenarios, and 
Dyna-CLUE model to downscale the land use change projection to land cover map of one 
square kilometer.  The result of the study showed a small direct-effect of the renewable 
energy directive EC 2009/28 on EU land use. A relatively small portion of high quality 
land (previously used in food crop production) would be re-allocated for biomass 
production.  Nonetheless, the indirect effect of the Directive was far greater.  Semi-
natural vegetation would be reduced and replaced by grassland or arable land.  There 
would be little impact on forest.  Lack of available data on biodiversity prevented the 
study from developing comprehensive results. 
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Fabiosa et al. [56] studied the effects on agricultural impacts, particularly land 
allocation from the global expansion of ethanol production.  This study used the FAPRI 
(Food and Agricultural Policy Research Institute) model, which is a multimarket, 
multicommodity, multicountry, nonspatial, partial-equilibrium model.  Two ethanol-
production expansions were covered; corn ethanol in the US and sugarcane ethanol in 
Brazil.  The result showed that the corn ethanol expansion in the US had great impact on 
agriculture; especially the US corn price including other feed grains and other crop 
prices.  The price effects not only occurred in the US but spread to the rest of the world 
through the world market mechanism.  Change in land allocation was also found in the 
US, but the impact was believed to be understated due to short-term stock adjustment.  
Sugarcane ethanol seemed to have greater impact on land allocation in Brazil. 
Al-Riffai et al. [57] used another IFPRI model to analyze the impact of the EU 
biofuel polices on agricultural production and environmental performance of EU biofuel 
policy.  The MIRAGE model is a multi-sector, multi-region global computable general 
equilibrium (CGE) model.  It is an extensive modification of the original including 
modifications to integrate two biofuels (ethanol and biodiesel) sectors and biofuel 
feedstock sectors.  The model also consists of the land module which contains the 
decomposition of land into different land uses; and quantification of the environmental 
impact from direct and indirect land-use changes at the agro-ecological zone (AEZ) level.  
The result showed indirect land use change associated with the EU biofuel Directive.  
World cropland increased by 0.07%.  Additionally, ethanol, particularly cane ethanol 
would be a better route of biofuels comparing with biodiesel with regard to the net 
emission saving and land use change. 
Timilsina et al. [58] also used a CGE model to study the impacts of biofuels on 
land-use change and food supply. Their study found that the land allocation among crop, 
forest and pasture would be significantly altered.  Deforestation is highly likely from the 
biofuel expansion. 
Several studies also express concerns or show impacts of biofuel expansion on 
food production and food prices.  These concerns arose because current biofuel 
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production, the first-generation biofuels, relies on land and water which are mainly used 
for food production.  The agricultural market is unlikely to avoid impact from biofuels 
production.  The supply and prices of food would be impacted [51, 59-61].  Runge and 
Senauer [62] stated that the rapid increase in the biofuel expansion is predicted to push 
the prices of all food commodities higher.  They further predicted a 20 percent increase in 
global corn price, a 76 percent increase in global oilseed (e.g. soybean, rapeseed, 
sunflower seed) prices, and an 11 percent increase in wheat price by 2020.  Cassman and 
Liska [63] mentioned that using the food crops for fuels would not only increase the 
hunger problem, but it will also affect to the environment if it is not done under the well 
managed practice. 
Biofuel environmental impacts via crop production changes could be important.  
One of the most problematic biomass feedstocks is palm oil.  Global palm oil production 
is dominated by Indonesia and Malaysia; both countries accounted for nearly 85 percent 
of the world palm oil production.  However, sustainable production of palm oil becomes 
an issue as there are several studies suggesting that deforestation of tropical rainforest 
occurs as a result of palm oil plantation expansion.  This also leads to loss of biodiversity 
from deforestation and from palm oil monoculture [64, 65].  Wicke et al. [66] confirmed 
that despite challenge in quantity and quality of the data, the land-use changes due to 
palm oil expansion are significant, especially the deforestation.   
Clearly, extensive studies exist for the impact assessment of biofuel policies.  
Despite a great amount of research available, the research on the impact of the mandated 
biofuels targets in combination with mandated sustainability criteria (land restrictions) of 
the biofuels production of the US and EU biofuels policies on land-use and other socio-
economic impacts including trade, supply and demand does not yet exist.  This research 
fills this missing gap by using ArcGIS technique in developing the sustainable land data 
together with the computational general equilibrium (CGE) model developed by the 
Center of Global Trade and Policy Analysis (GTAP) of Purdue University.  We choose 
GTAP for the reasons that it is equipped with comprehensive production, trade and land 
data together with the ability to provide extensive analysis nationally and globally.  The 
GTAP model has been used by many researchers in the study of biofuel policy analysis 
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[12, 67-70].  To mention a few, Taheripour et al.[13] studied how different types of 
biofuels and their by-products impact the economy and environment.  Hertel et al. [71] 
used the GTAP model to study the global impacts of the biofuel mandates. We will 
review these studies using GTAP models in the biofuel impact analysis in detail in the 
methodology chapter where GTAP models will be extensively described.
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CHAPTER 4 SUSTAINABILITY AND BIOFUEL POLICIES 
The contexts of sustainability in general and in relation to biofuels are covered in 
this chapter.  In addition, the US and EU biofuel policies in detail including their 
mandated targets and definitions related to renewable fuels declared in their renewable 
fuels policies are discussed here. 
Sustainability generally involves environmental concerns. Many people have tried 
to explicitly define sustainability.  Brown et al. [30] stated that sustainability could have 
different meanings depending on the context in which it is applied.  It could also have 
different meanings based on various perspectives of different analysts.  Time is often a 
factor of sustainability relating the current generation to future generations [31].  Solow, 
the Nobel Laureate [32] said that sustainability is about distributional equity; it is about 
the sharing of well-being between present and future generations, which becomes the 
problem of saving and investment between generations.  Sustainability is a choice 
between current consumption and providing for the future; people are obligated to leave 
behind not a particular thing or resource, but rather a generalized capacity to create well-
being (for a future generation). 
The question of biofuel sustainability has been hotly debated.  Mol [33] opined 
that biofuels are of questionable sustainability due to several concerns.  The first concern 
is an uncertain GHG saving from biofuels.  The reduction of GHG emission of any 
biofuel depends on the types of feedstock, cultivation methods, conversion technologies, 
and energy efficiency assumption made.  Thus, there is no guarantee that biofuels would 
be a better fuel than fossil fuel, unless all the best practices are applied to feedstock, 
methods, and technology.  The second concerns related to several environmental 
problems; including deforestation, biodiversity loss, mono-cropping, land degradation 
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and water pollution.  The third concern involves the impacts of biofuels on the food 
supply. 
Solomon [34] concluded that in order for a biofuel to be sustainable, it needs to 
cover all principles of GHG emissions, food security, conservation, soil, water and air 
quality, land rights, human and labor rights, and the right use of technology, inputs, and 
management.  For instance, biofuels should contribute to climate change mitigation by 
significantly reducing life-cycle GHG emissions as compared to fossil fuels; avoid 
negative impacts on biodiversity and ecosystems; and ensure adequate food and 
improved food security in food insecure regions. 
The focus of this study is the biofuel policies of the United States and the 
European Union who are major producers and consumers of biofuels.  Their biofuel 
policies contain mandated sustainability criteria for biomass used for the production of 
biofuels for those products to be counted toward their national biofuels targets.  These 
sustainability criteria constrain the types of land for biomass production to minimize the 
impact on the environment, such as avoiding the conversion of natural forest and 
wetlands to become cropland for biomass production.  This chapter describes US and EU 
biofuel policies in detail including their mandated targets and definitions related to 
renewable fuels declared in their renewable fuels policies. 
 
4.1 The United States 
In 2005 the United States government passed the Energy Policy Act (EPAct) 
containing the Renewable Fuel Standard (RFS) program.  It established the first 
renewable volume mandate in the country, which mandated 7.5 billion gallons of 
renewable fuel by 2012.  Later in 2007, under the Energy Independence and Security Act 
of 2007 (EISA), the RFS program was revised and expanded, and is now referred to as 
RFS2 [72]. 
The objectives of the RFS are: 1) reducing the greenhouse gas emissions through 
the use of renewable fuels; 2) reducing imported petroleum, which brings about higher 
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energy security; and 3) developing and expanding the nation’s renewable fuels industry 
sector.  These renewable fuels qualify to be counted  in the target only if they meet the 
minimum greenhouse gas reduction standard based on a lifecycle assessment [73]. 
In the RFS2, the required renewable fuel volume target is increased to 36 billion 
gallons ethanol equivalent by 2022 with specific targets for different biofuels in each year 
from 2010 through 2022 (depicted in Appendix A).  The RFS2 mandates biofuels 
including conventional renewable fuel (corn ethanol), advanced biofuels which are 
cellulosic biofuels, biomass-based biodiesel and other biofuels (that do not need to follow 
the sustainability criteria such imported biomass or biofuels).  In this RFS2 rules and 
regulations, the important definitions of terms related to renewable fuels are also 
described for a clear understanding.  Some of the renewable fuels definitions that are 
related to this study are reiterated here: 
A. ‘Renewable Fuel’ is defined as fuel produced from renewable biomass and 
that is used to replace or reduce the quantity of fossil fuel present in 
transportation fuel; 
B. ‘Advanced Biofuel’ is a renewable fuel other than ethanol derived from 
corn starch and which lifecycle GHG emission are at least 50 percent less than 
the gasoline or diesel fuel it replaces; 
C. ‘Cellulosic Biofuels’ is a renewable fuel derived from cellulose, 
hemicellulose, or lignin, each of which must originate from renewable biomass.  
It must also achieve a lifecycle GHG emission reduction of at least 60 percent 
compared to the gasoline or diesel fuel it displaces; 
D. ‘Biomass-Based Biodiesel’ includes both biodiesel (mono-alkyl esters) 
and non-ester renewable diesel (including cellulosic biodiesel).  It must be made 
from renewable biomass.  It must also achieve a lifecycle GHG emission 
reduction of at least 50 percent less than the diesel fuel it displaces [74].’ 
Similar to the EU Directive 2009/28, the US RFS2 of EISA 2007 specifies the 
land restrictions or the sustainability criteria of the biofuels counted toward the RFS2. 
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The US restrictions apply only within the U.S. border.  The sustainability criteria and 
detailed discussion will be covered in the data section. 
 
4.2 The European Union 
Several EU directives and the Commission reports related to the promotion of 
energy from renewable sources have been issued in recent years which clearly 
demonstrate how significant climate change and biofuel policies are to the EU.  The 
Commission’s most important document to date is the Renewable Energy Directive 
(RED) or Directive 2009/28 on the promotion of the use of energy from renewable 
sources.  The Directive emphasizes the need to reduce greenhouse gas emissions and 
comply with the Kyoto Protocol through the production and consumption of energy 
within the EU from renewable sources, energy savings, and increased energy efficiency.  
Above all, this directive launches the common framework for the promotion of renewable 
energy.  It consists of the mandatory national targets for the overall share of energy from 
renewable sources in gross final consumption of energy and for the share of energy from 
renewable sources in transport.  Most importantly, it lays out sustainability criteria for 
biofuels and bioliquids [75]. 
To achieve the goal of reducing greenhouse gas emissions and other objectives, a 
common understanding must be reached.  In Article 2 of Directive 2009/28, several 
definitions relating to different types of energy, biomass, biofuels etc. are given.  Some of 
those definitions that are related to this study are reiterated here: 
A.  ‘Biofuels’ means liquid or gaseous fuel for transport produced from biomass; 
B. ‘Bioliquids’ means liquid fuel for energy purposes other than transport, 
including electricity and heating and cooling, produced from biomass;  
C. ‘Biomass’ means the biodegradable fraction of products, from waste and 
residue of biological origin, waste from agriculture (including vegetal and 
animal substances), waste from forestry and related industries including 
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fisheries and aquaculture, and the biodegradable fraction of industrial and 
municipal waste [75]’. 
The mandatory 2020 targets for the use of energy from renewable sources are 
broken down into the Community’s overall target and national overall targets.  The 
Directive stated that ’each member state (MS) shall ensure that the share of energy from 
renewable sources in gross final consumption of energy in 2020 to be at least its national 
overall target, and these combined national targets must be at least 20% of the share of 
energy from renewable sources in the Community’s gross final consumption of energy in 
2020.  Moreover, each MS must ensure that the share of energy from renewable sources 
in all forms of transport in 2020 is at least 10% of the final consumption of energy in 
transport in that MS’.  The target for the share of energy from renewable sources in the 
gross final consumption of energy of each member state in 2020 is presented in Appendix 
B. 
Recently, the proposal amending Directive 2009/28 (and also related Directive 
78/70/EC – The Fuel Quality Directive) was presented to the European Commission [14].  
This proposal contains several proposed actions.  However, the features worth 
mentioning and related to this research are: 
• An introduction of a limit to the contribution of conventional biofuels with 
a risk of indirect land-use change (ILUC) to be counted toward the targets 
mandated in Directive 2009/28, 
• An enhanced incentive scheme for advanced biofuels with low ILUC (e.g. 
biofuels made from waste and algae) by allowing them to contribute more 
to the Directive 2009/28 mandates.  The proposal lists feedstocks with 
higher contribution toward Directive 2009/28 targets.  These feedstocks 
are categorized into two groups with the first group being considered to be 
four times their energy content (i.e., algae, municipal waste excluding 
separated household waste, industrial waste, straw, animal manure and 
sewage sludge, palm oil mill effluent and palm fruit bunches, tall oil pitch, 
crude glycerine, bagasse, grape marcs and wine lees, nut shells, husks, 
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cobs, and bark, branches, leaves, saw dust and cutter shavings); and the 
second group being considered to be twice their energy content (i.e. used 
cooking oil, animal fat, non-food cellulosic material, lingo-cellulosic 
material except saw logs and veneer logs), 
• An introduction of reporting estimated emissions from carbon stock 
changes caused by ILUC.  This proposal is attempting to gather better 
information on ILUC from biomass production. 
The definitions of the renewable sources for the production of biofuels and 
bioliquids complied with the Directive 2009/28 are referred to as the “Sustainability 
Criteria” in Article 17.  These sustainability criteria apply to all biomass used for the 
production and consumption of biofuels and bioliquids in the Community regardless of 
the origins of the feedstocks.  That is, the Directive enforcement stretches outside the 
Community’s border to the rest of the world where biomass originates if they wish to 
export to the EU. The sustainability criteria and detailed discussion will be covered in the 
data and methodology.  These sustainability criteria provide a detailed description of 
biomass that cannot be used in the production of the biofuels and bioliquids. 
These renewable policies of the US and EU are very important to this research.  
They provide the information on the definitions of different types of liquid biofuels, 
mandated targets, and also detail of land restrictions or sustainability criteria.  This 
information is key in determining the land restrictions, which lead to a proper impact 




CHAPTER 5 SUSTAINABILITY CRITERIA, LAND DATA AND METHODOLOGY 
This chapter covers the sustainability criteria or land restrictions for biomass 
production of US and EU biofuel polices.  These sustainability criteria are discussed in 
detail of how each land type is defined in this research including sources of represented 
land data.  Finally, the process in developing the sustainable land data according to the 
US and EU biofuel sustainability criteria are described. 
 
5.1 Defining the United States’ Biomass Land Restrictions 
In the United States (US), the Renewable Fuel Standard (RFS) in the Energy 
Security and Independence Act (EISA) is a mandate used to ensure that transportation 
fuels in the US contain a minimum target of renewable fuels.  The term renewable fuel is 
defined in the regulation, and it is required to be made from renewable biomass 
feedstocks.  EISA provides the definitions of these renewable biomass feedstocks 
together with the land restrictions from which these feedstocks can be produced and/or 
harvested.  The definitions of renewable biomass and land restrictions appeared in section 
II of the EISA.  These definitions and restrictions can be considered as equivalent to 
sustainability criteria for biomass production.  The intention behind the restrictions is to 
prevent any potential deterioration of existing ecosystems. 
Renewable Biomass Definitions and Land Restrictions 
A. ‘Planted crops or crop residues harvested from agricultural land cleared or 
cultivated at any time prior to December 19, 2007, on land that is either 
actively managed or fallow, and nonforested. 
B. Planted trees and tree residues from actively managed tree plantations on 
non-federal land cleared at any time prior to December 19, 2007, including 
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land belonging to an Indian tribe or an Indian individual, that is held in trust 
by the United States or subject to a restriction against alienation imposed by 
the United States 
C. Slash and pre-commercial thinnings from non-federal forestlands, including 
forestlands belonging to an Indian tribe or an Indian individual, that are held 
in trust by the United States or subject to a restriction against alienation 
imposed by the United States 
D. Biomass obtained from the immediate vicinity of buildings and other areas 
regularly occupied by people, or of public infrastructure, at risk from wildfire 
E. Algae [6].’ 
All of the biomass definitions provided in this section come from the Federal 
Register on March 26, 2010.  Three main types of biomass listed in the EISA which are 
related to this research include planted crops, crop residue, and planted tree and forest 
residue.  The term ‘planted’ is specified to emphasize that these crops and trees used as 
biomass feedstock must be intentionally applied to the ground by humans or through 
intentional natural seeding or vegetative propagation by mature plants left undisturbed for 
that purpose [76].  Planted crops include perennial agricultural crops (grains, oilseeds and 
sugarcane) as well as energy crops (e.g. switch grass, prairies grass).  Crop residue refers 
to ‘the biomass left over from the harvesting or processing of planted crops from existing 
agricultural land and any biomass removed from existing agricultural land that 
facilitates crop management (including biomass removed from such lands in relation to 
invasive species control or fire management), whether or not the biomass includes any 
portion of a crop or crop plant’ [76].  Lastly, planted trees are trees established by hand- 
or machine- planting.  Tree residue is ‘slash and any woody residue generated from 
actively managed tree plantations for use in lumber, paper, furniture or other 
applications, providing that such woody residue is not mixed with similar residue from 
trees that do not originate in actively managed tree plantations’ [76].  Other biomass and 
algae are not included in this research. 
EISA limits not only the types of biomass used for renewable fuels production, 
but also the types of land from which the biomass can or cannot be harvested.  This 
section covers definitions of existing agricultural land, rangeland, forest land, and federal 
land.  These definitions and land restrictions could be classified as sustainability criteria 
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akin to the European Commission in their Directive 2009/28.  With regard to this 
research, it is important to have a thorough understanding of land restrictions.  This 
understanding will be used to identify land types allowed or prohibited from use for 
biofuel production and also to identify land data sources for the development of data on 
sustainable land available for US biofuel production. 
 
5.1.1 Land (Existing) Agricultural Land 
Existing agricultural land includes three land categories provided with their 
definitions (according to EISA): 
5.1.1.1 Cropland 
Cropland is the land used for the production of crops for harvest, including 
cultivated cropland for row crops and close-grown crops and non-cultivated cropland for 
horticultural crops. 
5.1.1.2 Pastureland 
Pastureland is the land managed primarily for the production of indigenous or 
introduced forage plants for livestock grazing or hay production, and to prevent 
succession of other plant types. 
5.1.1.3 CRP land 
CRP land is the land under the Conservation Reserve Program of the USDA,’s 
Farm Service Agency (FSA).  CRP is a voluntary program for agricultural producers to 
participate in protecting environmentally sensitive land.  Participants plant suggested 
long-term, resource-conserving covers to improve the quality of water, control soil 
erosion, and enhance wildlife habitats.  In return, FSA provides rental payments and cost-
share assistance to the participant [77]. 
It is worthwhile to emphasize the term “existing” in the phrase ‘existing 
agricultural land’.  The EISA establishes December 19, 2007, as the effective date to 
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judge the validity to be used of each land for biomass production.  Thus, ‘existing 
agricultural land’ means the land that was cleared or cultivated prior to the December 19, 
2007, and has been continuously actively managed or fallow, and nonforested 
(undeveloped forestland-the detailed definition of forestland is provided in the 
subsequent section) since that date.  The ‘actively managed’ can be evidenced by the 
activities such as sales records of planted crops, crop residue or livestock, or a written 
management plan for agricultural purposes.  Fallow is generally a term used to describe 
cultivated land taken out of agricultural production for a finite period of time. However, 
the EISA does not impose a time limit for ‘fallow’ [76]. 
Nonetheless, cropland defined by the US Department of Agriculture, the 
Economic Research Service has a broader but detailed definition. It covers cropland 
harvested, cropland failure, cultivated summer fallow, cropland used only for pasture, 
and idle cropland [78].  By comparing the cropland definitions of the USDA and EISA, 
USDA cropland data is sufficient to cover the cropland, pastureland, and CRP land 
defined by the EISA.  The US cropland data is available at the Department of 
Agriculture, the National Agriculture Statistics Services website (www.nass.usda.gov).  
In this research, we assume the cropland data of the GTAP 2004 database, which 
followed the FAO cropland definition similar to USDA, to represent the cropland that can 
be used for biofuels production. 
 
5.1.2 Rangeland 
The existing agricultural land does not include rangeland.  Rangeland, which 
cannot be used for biomass production, is defined in this regulation as land on which 
indigenous or introduced vegetation is predominantly grasses, grass-like plants, or shrubs 
and which is predominantly managed as a natural ecosystem [76].  The key element in 
the exclusion is that rangeland is considered to be a natural ecosystem and unmanaged by 
any human activities.  Furthermore, rangeland possibly covers native grasslands or 
shrublands, savannas, wetlands, deserts and tundra [79]. If rangeland is included as land 
that is acceptable for biomass production, it may lead to an increased risk of these 
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sensitive ecosystems to stored carbon.  The main concern for this land category being 
prohibited for biomass production is natural ecosystem conservation and wetlands 
protection.  Thus, the data of protected areas by the US Geological Survey and wetlands 
of the National Wetland Inventory – the US Fish and Wildlife Service shall be used to 
represent these prohibited land categories. 
 
5.1.3 Forestland 
Forestland refers to ‘undeveloped land covering a minimum area of one acre upon 
which the primary vegetative species is trees, including land that formerly had such tree 
cover and that will be regenerated, and tree plantations’ [76].  Not all types of forestland 
are prohibited from use for renewable energy production.  Natural (unmanaged) 
forestland is prohibited from use for biomass production of biofuels according the EISA; 
but managed forest, forest that has been managed by human intervention can be part of 
renewable energy production.   The GTAP grid-cell forest land data is categorized into 
managed forest and unmanaged or natural forest; and only the managed forest is 
accounted in the GTAP CGE analysis. Therefore, we directly adopt this GTAP managed 
forest as potential forest land for biomass production.  Nonetheless, if any part of this 
managed forest belongs to the Federal government or under nature or wetland protection, 
it must be removed by the technique explained in the following section. 
 
5.1.4 Federal Land  
Federal land is defined as land owned or administered by the Federal government 
[80].  Federal land includes national parks, national wildlife refuges, military 
reservations, etc.  Thus, the federal land can be any type of land from forest (managed 
and unmanaged), pasture, rangeland, unmanaged land, and wetlands.  Regardless of the 
type of land, all land belonging to the Federal government cannot be used for biofuels 
production according to EISA.  The data on the federal land is available on the National 
Atlas website (www.nationalatlas.gov). 
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5.2 Defining the European Commission’s Biomass and Land Restrictions 
The European Commission provides definitions of all renewable sources for the 
production of biofuels and bioliquids in the Directive 2009/28.  The ‘biomass’ definition 
presented earlier in section 4.1 is meaningful.  Nonetheless, the ‘Biomass for Green and 
Sustainable Energy’ research conducted by the European Commission provides more 
precise definitions of all biomass restrictions.  Four main groups of biomass can be used; 
arable crops and non-woody energy crops, agricultural and forest residues and by-
products, marine biomass, and wastes.  Only the first two groups are related to this 
research.  Therefore in this research , we will be concerned with arable crops and non-
woody energy crops including sugar crops (e.g. sugar cane, sugar beet), starchy and grain 
crops (e.g. wheat, barley, rye), leguminous plants (e.g. alfalfa), grass (e.g. miscanthus and 
switchgrass) and oil crops (e.g. rapeseed, palm oil) [81]. 
Furthermore, the biomass must be grown or harvested or collected from 
sustainable lands.  The types of land (-use) that the biomass could be originated from are 
listed under Article 17 of the Directive 2009/28 and are referred to as the “Sustainability 
Criteria”. 
The Directive 2009/28 sustainability criteria include: 
A. ‘Biofuels and bioliquids shall not be made from raw material obtained from 
land with high biodiversity value, namely land that had one of the following 
classifications in or after January 2008, whether or not the land continues to 
have that classification: 
A1. Primary forest and other wooded land, i.e., forest and other wooded lands of 
native species, where there is no clearly visible indication of human activity 
and the ecological processes are not significantly disturbed; 
A2. Areas designated for nature protection purposes or for the protection of rare, 
threatened or endangered ecosystems or species recognized by international 
agreements or included in lists drawn up by intergovernmental organizations 
or the International Union for the Conservation of Nature; 
A3. Highly biodiverse grassland; both natural and non–natural, which are lands 
that would remain or cease to be grassland in the absence of human 
intervention and which is species-rich and not degraded; 
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B. Biofuels and bioliquids shall not be made from raw material obtained from 
land with high carbon stock, namely land that once had the following 
classifications in January 2008 and no longer has that classification: 
B1. Wetlands or land covered with or saturated by water permanently or a 
significant part of the year; 
B2. Continuously forested areas or land spanning more than one hectare with 
trees higher than five meters and a canopy cover of more than 30%, or trees 
able to reach those thresholds in situ; 
B3. Land spanning more than one hectare with trees higher than five meters and a 
canopy cover of between 10% and 30%, or trees able to reach those 
thresholds in situ; 
C. Biofuels and bioliquids shall not be made from raw material obtained from 
land that was peatland in January 2008, unless evidence provided that the 
cultivation and harvesting of that raw material does not involve drainage of 
previously undrained soil [75].’ 
One of the challenges of this research is the definitions of these sustainability 
criteria.  Some of these land restrictions are clearly defined and understood, but others 
may still require further clarification.  Moreover, the availability of the data of some land 
types, e.g., continuous forested areas or land spanning at a certain distance and at a 
certain height of tree cover are not well defined.  Therefore, it is very important for this 
study to meticulously define land restrictions applied for the analysis. With regard to 
biofuels of the EU, these are types of land prohibited from use for biomass production for 
biofuels and bioliquids if they fall into one of these following types in or after January 
2008. 
 
5.2.1 Primary Forest and Other Wooded Land 
The Directive states that the definition of ‘primary forest’ is in accordance with 
the definition used in the Global Forest Resource Assessment of the Food and 
Agriculture Organization (FAO) of the United Nations; which is ‘forest of native species 
where there are no clearly visible indications of human activities, and the ecological 
processes have not been significantly disturbed’ [75].  To put this in simpler terms, 
primary forest is dominantly undisturbed (directly by human) and unmanaged forest.  
This does not include modified natural forests, semi-natural forests and plantations. 
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Following the FAO definition of ‘other wooded land’ as suggested by the 
directive; ‘other wooded land’ is the land spanning more than 0.5 hectare with trees 
higher than 5 meters and a canopy cover of 5-10 percent; or with a combined cover of 
shrubs, bushes and trees above 10 percent [75]. 
We are unable to find the data source for other wooded land, especially the other 
wooded land according to the specification of the Directive.  Nonetheless, the Global 
Forest Watch (GSW) possesses the data of frontier forest that have close definition to the 
primary forest defined by the FAO.  GSW defines the frontier forest as ‘large intact 
natural forest ecosystems – relatively undisturbed and big enough to maintain all of their 
biodiversity, including viable populations of the wide ranging species associated with 
forests’.  Therefore, for this category of land restriction, we will use the GSW frontier 
forest data to represent the primary forest that cannot be used for biofuel production.  
This primary forest is similar to the unmanaged forest of the GTAP land data base.  
Nonetheless, if any part of GTAP managed forest fit with this GSW primary forest, it 
shall be removed and cannot be used for biofuel production. 
 
5.2.2 Nature Protection Areas 
Nature protection areas are referred in the Directive as areas designated for the 
protection of rare, threatened or endangered ecosystems or species [7].  To further 
understand the meaning of the nature protection areas, International Union for 
Conservation of Nature (IUCN), the forefront international organization dedicating for 
the protected areas, is a useful source of information.  IUCN defines protected area as a 
‘clearly defined geographical space, recognized, dedicated and managed, through legal 
or other effective means, to achieve a long term conservation of nature with associated 
ecosystem services and cultural values’ [82].  Thus, the nature protection areas applied 
under the sustainability criteria that cannot be used to produce the biomass for renewable 
fuels are all the areas listed under IUCN protection areas.  Seven categories of protected 
areas are classified by IUCN; strict nature reserve, wilderness area, national park, natural 
monument or feature, habitat species management area, protected landscape/seascape, 
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and protected area of sustainable use of natural resources [83].  The data base of the 
IUCN’s protected areas are gathered and publicly accessed on the World Database on 
Protected Areas (WDPA) website (www.wdpa.org) [84].  These nature protection areas 
can be any type of land.  Regardless of land type, they cannot be used for the biofuels 
production. 
 
5.2.3 Highly Biodiverse Grassland 
The ‘highly biodiverse grassland’ is probably the most ambiguous land restriction 
of the sustainability criteria.  In the Directive, it includes both natural and non-natural 
grasslands, and these could range from highly biodiverse savannahs, steppes, scrublands, 
and prairies.  The Commission recognizes the need for further clarification of this land 
restriction category as evidenced in the Advisory group on energy and non-food crops 
regarding the implementation of Directive 2009/28; yet, the precise definition of highly 
biodiverse grassland is still under-development [85].  Nonetheless, the ‘natural highly 
biodiverse grassland’ are highly likely to be areas under nature protection for rare and 
threatened species. Therefore, we will assume that the ‘highly biodiverse grassland’ 
already exists under the nature protection areas and other wooded land areas which 
cannot be used in the production of biofuels and bioliquids. 
Despite the fact that non-natural highly biodiverse grassland is excluded from 
land being used to produce biofuels and bioliquids, the ‘highly biodiverse’ term is still in 
question.  The European Commission will likely need to provide some measures for 
further clarification, for instance, number of species.  For the time being, pastureland and 
grazing land which could be categorized as types of grassland are assumed to be 
permitted for use in biofuels and bioliquids production.  This assumption is being made 
based on the fact that the Directive is designed to prevent the lands of high carbon stock, 
rich in variety of species and valuable ecosystems from being used for the production of 
biofuels and bioliquids.  Pastureland and grazing land are unlikely to be species-rich.  
Additionally, pastureland and grazing land are used for agricultural purposes, plus land-
use switching between cropping and pasture/grazing is practiced widely. Therefore, we 
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will assume pastureland/grazing land can be used for the production of biofuels and 
bioliquids.  Consequently, the data base on the protected areas listed by IUCN in the last 
section is assumed to also cover highly biodiverse grassland. 
 
5.2.4 Wetlands and Undrained Peatland 
Wetland is briefly referred in Directive 2009/28 as ‘land that is covered with or 
saturated by water permanently or for a significant part of the year’ [7].  Nonetheless, 
the Directive guides us to follow wetland definition from the Ramsar Convention on 
Wetlands for the more detailed reference; and it is defined as ‘wetlands are areas of 
marsh, fen, peatland (land with a thick water-logged organic soil layer (peat) made up of 
dead and decaying plant material) or water, whether natural or artificial, permanent or 
temporary, with water that is static or flowing, fresh, brackish, or salt, including areas of 
marine water the depth at which of low tides does not exceed six meters’ [86].  Based on 
this definition, wetland areas already include the undrained peatland.  Such data for these 
land restrictions can be accessed through the Ramsar sites for information services 
(www.ramsar.org).  Nonetheless, part of the wetland and undrained peatland may 
possibly be listed under the nature protection areas or other land restrictions.  Hence, the 
GIS maps of these wetlands and undrained peatland need to be overlain on other land 
restrictions for any land redundancy and be removed from lands that can be used to 
produce biofuels and bioliquids. 
  
5.3 Land Restrictions Applying to the GTAP Land-Use Database 
The GTAP model is a computational general equilibrium (CGE) model developed 
by the Global Trade Analysis Project (GTAP) of Purdue University.  The GTAP model 
contains the data and features on land-use, production, consumption, and trade.  This 
research intends to study the national and global impacts resulting from the biofuels 
policies of the US and the EU.  These impacts will likely be on society, economy, and 
environment; hence the GTAP model is well suited with the research goal.  Part of the 
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massive amount of data the GTAP model possesses is the land-use database.  In this 
section, only the GTAP land database will be mentioned, the detailed GTAP model used 
in this research will be covered in the Methodology chapter.  GTAP land-use database 
versions 6 and 7 consist of 3 important pieces of information: land cover data (including 
cropland, pasture and forest), harvested area and crop production by crop, and land rent 
data.  Land cover data distinguishes global land cover by 15 vegetation types; harvested 
area and crop production data originated from the AgroMaps data base project of FAO, 
IFPRI, and SAGE, are aggregated into 18 agro-ecological zones (AEZ).  The forest land 
cover data contains the data of timber land [87-89].  The recent GTAP land-use data base 
used in this research contains cropland, pasture land, savanna/grasslands, (managed) 
forest land, shrub land, and other lands; however, only managed forest land, cropland, 
and pasture land have economic rents and are used in the analysis [90]. 
Clearly, the primary or unmanaged forest or natural forest (or sometimes referred 
as inaccessible forest) is banned from being used to produce the biomass feedstock for 
the renewable fuels production by the Directive 2009/28 and the RFS – EISA (2007 & 
2010).  Pastureland (which is normally considered as part of agricultural land by EPA) 
and cropland in the GTAP data base are clearly land dedicated for agricultural purposes 
and can be used for biomass production.  Despite the fact that the GTAP land data base is 
2004, we do not expect much change to happen with this cropland and pastureland in 
2007.  If any changes would happen to these lands, they would typically be switching to 
alternative agricultural purposes, which remain as agricultural land. Henceforth, the 
cropland and pastureland in the GTAP land use data base can be used in the renewable 
fuels production for both countries’ sustainability criteria.  With regard to managed 
forest, if that managed forest lies within the land prohibited to be used for biofuel 
production of Directive 2009/28 or RFS, it shall be removed from land accounting in the 
impact analysis. 
In order to rule out all the non-sustainable lands prohibited to be used for biomass 
production for both the EU and the US, we will use ArcGIS, which is a geographic 
information system developed by the Economic and Social Research Institute (ESRI).  It 
is a program designed for working with maps and geographic information.  ArcGIS will 
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be used to compile geographic data, create new maps, and analyze mapped information in 
this research.  Thus, all the data acquired will be in form of or transformed into 
shapefiles, geodatabase, or the modified versions of both. The GTAP global grid-cell 
land database (GGCD) is firstly converted into the ArcGIS geodatabase with the 
specified geographical coordinate system (GCS-WGS-1984).  It will be the first layer of 
geographic data layer waiting for the overlays of prohibited lands that will later be 
removed from the overall land area.  Each grid cell contains information such as 
longitude, latitude, country name, AEZ, land-use types and area. 
 
5.3.1 Implementation of the United States Land Restrictions 
We begin with the US which limits the policy enforcement to only the biomass 
produced within its border.  For the US, the GTAP-GGCD is bounded to display only the 
US, the area of our concern.  All layers of the geographic data need to be assigned or 
converted into the common geographic coordinate system, which is GCS-WGS-1984.  
Federal land, primary forest, protected areas (including rangeland), and wetlands need to 
be removed from the land data available for biofuel production.  The US Federal land 
data layer is overlain on top of the US GGCD layer, and Federal land is removed from 
the total US land.  These techniques only remove the specified lands of the same 
geographic locations of the two layers.  As each grid cell of the GTAP-GGCD can 
contain all types of land; hence the removal of federal land can be to any types of land-
use of the same geographic location grid-cell.  Similar steps are repeated for the protected 
areas and wetlands layers.  As a result, we have the map and data set of US land 
permitted for biomass production by AEZ and land-use types including the land areas of 
each category of AEZ and land-use type. Figure 5-1 illustrates this multi-overlay process.  
Illustration in the implementation of the US land restriction will be covered and 





Figure 5-1: Approach Identifying Potential Land Area for the United States 
 
5.3.2 Implementation of the European Union Land Restrictions 
With respect to the potential land used for biomass production of the European 
Union, we also begin with the GTAP-GGCD map as the primary layer.  However, the EU 
renewable policy is applied to all feedstock regardless of the place of origin; thus, the 
(combined) global data layers are required for the construction of the sustainable land for 
biomass production.  Similar to the approach used with the US, all prohibited land layers 
are removed one by one by the combined ArcGIS techniques.  These prohibited lands are, 
as indicated in the sustainability criteria of the Directive, primary forest, IUCN protected 
areas, and wetland/peatland.  The IUCN protected areas layer is the first, followed by the 
primary forest (GSW frontier forest), and finally the Ramsar site wetlands layers.  The 
final map layer we get is the potential map layer indicating the area for biomass 
production under the sustainability criteria of the EU’s directive.  The process described 
in this part is depicted in Figure 5-2.  Illustration in the implementation of the EU land 
GTAP grid-cell global land data
Apply the overlay of the 
federal land
US Non-federal land by 
AEZs and LU  
Apply the overlay of 
protected areas layer
US Non-federal land by AEZs and LU, 
excl. primary forest and protected areas
US land sustainable for biomass 
production by AEZs and LU




restriction will be covered and explained precisely in the sustainable land result section of 
the result chapter. 
 
 
Figure 5-2: Approach Identifying Potential Land Area for the European Union 
 
The summary of the retrieval of datasets from different data sources including the 
tasks required for each dataset for this research is presented in table 5-1.  In order for all 
the data sets to work together, each of them requires some adjustment.  They need to be 
compatible with each other, and more importantly compatible with the current GTAP 
land use data sets.  Ultimately, we will have the workable figures of land areas potentially 
used for biomass production for the renewable fuels production applicable to the 
European Commission and United States sustainability criteria.  These figures will be 
crucial for this research to study the impact analysis of the renewable energy policies.
GTAP grid-cell global land data
Apply the overlay of 
the IUCN’s protected 
area layer
Non-Protected global land by 
AEZ and LU
Apply the overlay of the 
primary forest and wooded 
land layer
Non-Protected global land by 
AEZ and LU without the forest 
and wooded lands
Global sustainable land for 
biomass production
Apply the overlay of the 
wetlands/peatlands
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Table 5-1: Summary of Datasets, Data Sources and their Modifications 
Land Datasets Land Restrictions Data Sources Geo-Referencing Modifications 
GTAP Global grid-cell 
land-use data (GGCD) 
GTAP Database Convert grid-cell data to shapefile 
format and specify proper coordinate 
system 
The United States 
Federal Land RFS Non-Federal Land 
Restriction 
The US National Atlas 
<<www.nationalatlas.gov>> 
Available in shapefile.  Transform to 
proper coordinate system 
Protected Areas (cover 
primary forest, wooded 
land, and other protected 
areas) 
RFS Nonforested Land 
and Non-Existing 
Cropland Restrictions 




Available in shapefile.  Aggregate 
layers with newly created attributes; 
transform to proper coordinate system 
Wetlands RFS Nonforested Land 
and Non-Existing 
Cropland Restrictions 
National Wetlands Inventory, US Fish 
& Wildlife Service 
<<www.fs.gov/wetlands>> 
Screen out 'farmed wetlands'; 
aggregate to region and national; 
transform to proper coordinate system 
The European Union 
Nature Protection Areas Directive 2009/28 IUCN 
Nature Protection Areas 
Restriction 
World Databse on Protected Areas 
(WDPA) <<www.wdpa.org>>  
Available in shapefile.  Combine 
country-to-regional layers; transform 
to proper coordinate system 
Primary Forest Directive 2009/28 Primary 
Forest Restriction 
Global Forest Watch (GFW) 
<<http://www.globalforestwatch.org>> 
Available in shapefile. Transform to 
proper coordinate system 
Wetlands Directive 2009/28 Wetland 
and Peatland Restriction 
Ramsar Convention on Wetlands 
<<www.ramsar.org>> ;      
International Union of Conservation 
Nature (IUCN) <<http://iucn.org>> 
Available in shapefile.  Combine 
country-to-regional layers; transform 
to proper coordinate system 
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CHAPTER 6 METHODOLOGY 
6.1 Background of GTAP-BIO-ADV Model 
The biofuel policies of the US and the EU are highly likely to have socio-
economic, environmental impacts not only on their countries but at a global level.  Thus, 
the model used for this research needs to be capable of handling global economic and 
land use changes, and the global computable general equilibrium (CGE) model is chosen 
to serve the purpose, particularly the GTAP model.  The liquid biofuels and their by-
products were introduced into the GTAP 2001 database (GTAP standard database version 
6) and called GTAP-BIO database [67].  This first version of GTAP-BIO database
consists of three first generation biofuels commodities; grain (corn) ethanol, cane ethanol, 
and biodiesel from oilseeds and having DDGS and biodiesel by-products (BDBP) as by-
products of corn ethanol and biodiesel.  This would later allow the model to handle the 
use of these by-products in other sectors especially animal feed [67].  The GTAP-BIO 
database was modified further to highlight the link of biofuels and livestock industry. 
The major modifications included disaggregation of vegetable oil into crude and refined 
vegetable oils, and disaggregation of food and feed industry.  Biofuels and livestock 
industry are interconnected in various ways; one of which is product substitution. 
Biofuels by-products, i.e., DDGS and oilseed meals can be used in substitution with 
regular animal feeds (coarse grains and processed feeds), and  they can be mixed into the 
feed composite for non-ruminants [68, 69]. 
In 2008, GTAP database version 7 was released representing the 2004 world 
economy.  Several improved features are presented in this version 7; addition of new 
regions and updated regions, new macroeconomic data (2004 data from the World Bank), 
improved trade data, new energy price data from IEA, and new population data [91]. 
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Several extensions and modifications to the GTAP-BIO database occurred in the 
past few years.  Similar to the first introduction of biofuels industry into GTAP version 6 
data base in 2007, the global production, consumption, and trade of the first and second 
generation biofuels referencing the year 2004 were introduced into this GTAP database 7 
including biofuels by-products.  This GTAP-BIO data base 7 representing the 2004 world 
economy, therefore, consists of 69 groups of commodities (including biofuels and their 
by-products), 67 industries, and 117 regions.  It also has updated global land cover data 
and harvested area (done by Avetisayan et al.).  In 2011, the second generation biofuels 
were introduced to the GTAP-BIO database following the similar approach as done when 
the first generation biofuels were introduced.  This includes introduction of cellulosic 
feedstock industries (corn stover and dedicated crops), and introduction of cellulosic 
biofuels (named advanced biofuels in GTAP database) [92].  This modified version of 
GTAP database is referred to as GTAP-BIO_ADV_V7.  Together with the updated and 
modified database, several model modifications took place to accommodate the more 
effective policy analysis for the biofuel mandates.  Key modifications include 
introduction of the bio-gasoline and ethanol produced from cellulosic feedstocks in the 
demand structure of households and firms as a substitute for fossil fuels; modification of 
land market to disaggregate dedicated energy crops and cropland-pasture from traditional 
crops nest.  The model is sometimes referred to as GTAP-BIO_ADV [93]. 
This research is adopting the GTAP-BIO_ADV model from Taheripour et al. [93] 
for the impact study on sustainable land requirement for biomass production meeting the 
national targets of the US and EU.  The GTAP-BIO_ADV model used in this research 
consists of 19 aggregated regions, 43 aggregated groups of commodities, 41 aggregated 
industries, and 4 land categories.  The biofuels industry consists of 9 types of biofuels, 
namely, ethanol produced from grains (Ethanol1), sugarcane ethanol (Ethanol2), 
biodiesel (Biodiesel), cellulosic drop-in fuel produced from miscanthus (AdvfB_Misc), 
cellulosic drop-in fuel produced from Switchgrass (AdvfB_Swit), cellulosic drop-in fuel 
produced from corn stover AdvfB_Stover), ethanol produced from miscanthus 
(AdvfE_Misc), ethanol produced from Switchgrass (AdvfE_Swit), and ethanol produced 
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from corn stover (AdvfE_Stover).  Land are classified into 18 AEZs and 4 land-use 
types; (managed or accessible) forest, cropland, pasture, and unmanaged land. 
This research focuses on the biofuel impact on land-use.  Therefore, it is 
important to understand the GTAP land structure.  The GTAP-BIO-ADV model used in 
this research uses a three-level nesting structure to represent the supply side of market for 
land as shown in figure 6-1.  At the lowest level, the decision for land allocation is among 
three different land uses; forest, cropland, and pasture land.  At the middle level, the 
decision is now concentrated on the uses of cropland for either traditional crops or 
dedicated energy crops.  Finally, at the upper most level, the structure is branched out for 
different types of traditional crops or different types of dedicated energy crops. 
Traditional crops covers a wide range of crops existing in GTAP - rice, wheat, cereal 
grains, oilseeds, sugar crops, fruits, vegetables, and other crops.  The dedicated energy 
crops are the crops dedicated for energy purposes.  This includes Miscanthus, 
switchgrass, and cropland-pasture (only applies to the US and Brazil).  In each sub-nest, 
the elasticity of land transformation parameter (ETL) governs the allocation of land in 
each level.  These ETL parameters have different default values at each sub-nest 
corresponding with different level of flexibility in land transformation for different uses. 
For instance, ETL1, elasticity of transformation between forest, cropland and pasture 
land, is -0.2, while ETL2, ETL4, and ETL5 are -0.75, -0.75, and -1.0 respectively.  This 
further tells us that conversion of land between traditional crops and dedicated energy 
crops or among different types of traditional crops is easier than land conversion among 
different land uses.  These ETL parameters are not regionalized or region-specific.  This 
means that at each sub-nest, there is only one ETL parameter and this ETL parameter is a 
common value for all GTAP 19 regions. 
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Figure 6-1: GTAP Land Nesting Structure 
The following sections describe the US and EU biofuel targets and made in the 
GTAP parameter file to carry out our experiments. 
6.2 Targets for US Biofuels Expansion 
The RFS renewable fuels targets covered in this research are 15 BG conventional 
renewable fuel, 16 BG cellulosic biofuels, and 1 BG biodiesel.  The conventional 
renewable fuel is representing by corn ethanol (ethanol from grains), which is the major 
type of (bio) ethanol currently produced in the US. 
The National Renewable Energy Laboratory (NREL) conducted research 
identifying the availability of biomass resource in the US.  It is estimated that 423 million 
tons of biomass are technically available.  This biomass includes crop residues, wood 
residues, municipal waste, and dedicated energy crops.  The estimate indicates that crop 














the US biomass availability is the ‘Billion Ton Study’ (BTS) of Oak Ridge National 
Laboratory (ORNL).  It is estimated that the US can sustainably produce at least one 
billion dry ton of biomass annually [95].  With this NREL and ORNL research, we 
assume that US cellulosic biofuels will be produced slightly more from corn stover, one 
of many crop residues than the rest of cellulosic feedstock (miscanthus and switchgrass 
are dedicated energy crops).  With corn abundance, corn stover, a left-over (by-) product 
of corn production, and is plentiful. 
As mentioned before, the GTAP-BIO-ADV model used in this research has two 
different technologies to convert cellulosic materials to biofuel regardless of the types of 
feedstocks.  The first technology represents conversion of feedstocks to ethanol.  The 
second technology represents conversion of feedstocks to a drop-in fuel.  In this research, 
we only use the second technology.  Hence, three different cellulosic drop-in fuels, 
namely AdvfB_Misc, AdvfB_Swit, and AdvfB_Stover (cellulosic drop-in fuel produced 
from miscanthus, switchgrass and corn stover respectively) are used to represent the RFS 
cellulosic biofuel targets.  The energy content of cellulosic drop-in fuel is assumed to be 
the same as that of conventional gasoline, while the energy content of ethanol is two-
thirds that of conventional gasoline [93].  Thus, the cellulosic biofuel target is distributed 
into 6 BG stover drop-in fuel (or 9 BG ethanol equivalent), 2.35 BG Miscanthus drop-in 
fuel (or 3.5 BG ethanol equivalent), and 2.35 BG switchgrass drop-in fuel (or 3.5 BG 
ethanol equivalent).  Similar to the conventional renewable fuel, biodiesel in the US in 
GTAP-BIO is dedicated to a single biomass - the most dominant one being soybeans.  
Thus, biodiesel or biodiesel in GTAP, of the US is, in fact, soybean biodiesel with the 
target of 1 BG. 
One important factor needing attention for US biofuels production expansion is 
the use of cropland-pasture for dedicated energy crops.  Cropland-pasture is included in 
this version of GTAP in the US and Brazil.  It is land used for crop-pasture rotation.  The 
GTAP-BIO-ADV model assumes that producing dedicated energy crops on cropland 
pasture will increase the opportunity costs of using these lands as an input in livestock 
industry, which consequently will lead farmers to improve productivity of their cropland-
pasture.  The model uses a module including two parameters and several equations to 
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establish a productivity link of cropland-pasture with rent for this type of land as 
explained in Taheripour et al.[93].  The parameters used in this module (a yield elasticity-
named PAEL; and a yield adjustment factor-named PAAD) should be tuned according to 
the biofuel targets and we followed the mentioned work of Taheripour to tune these two 
parameters. 
6.3 Targets for EU Biofuels Expansion 
The EU renewable energy consumption for road transportation based on the 
Directive 2009/28 is estimated at 316 Million ton of oil equivalent (Mtoe) in 2020.  We 
adopt the 5.6 percent first-generation land-using biofuels share in the overall EU 
renewable energy target of 10 percent for road transportation of Al-Riffai et al. [57].  
This 5.6 percent translates into 17.696 Mtoe for biofuels for road transportation.  In the 
absence of any estimates of the likely breakdown among renewable biofuels, we have 
assumed 50 percent of this being biodiesel from oilseeds, 25 percent from cellulosic 
biofuel, and 25 percent from conventional ethanol.  Our assumption is based on the 2011 
GAIN report of USDA-FAS that 70 percent of renewable fuel in transport was biodiesel 
[32], and coupled this with European Commission document on EU energy trends to 
2030 projection indicating the future growth of biodiesel [96].  The cellulosic biofuel of 
25 percent for the EU is likely to be biodiesel; therefore, cellulosic drop-in fuel from 
miscanthus is used to represent this.  With this assumption, the biodiesel together from 
oilseeds (rapeseed and palm oil) and cellulosic drop-in fuel accounts for 75 percent of the 
total renewable fuel mix.  Hence, 17.696 Mtoe for biofuels for road transportation is 
broken down into 8.848 Mtoe for biodiesel from oilseeds, 4.424 Mtoe from miscanthus 
cellulosic drop-in fuel, and 4.424 Mtoe from wheat ethanol.  To implement these targets 
in the model, they need to be converted into billion gallons as for the US targets.  With 
the energy contents of 21 mega joule per liter (Mj/l) and 33 Mj/l respectively for (bio) 
ethanol from biomass and methyl-ester biodiesel from vegetable oil from Annex III of the 
Directive 2009/28 [7], it is translated into the targets of 1.481 BG for each of the rapeseed 
and palm oil biodiesel, 1.55 BG for cellulosic drop-in fuel and 2.328 BG conventional 
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ethanol.  The EU Directive applies to all biomass regardless of origin.  Land in the EU is 
limited and all existing land is already allocated for primary purposes of crop production, 
pasture, conservation, and living.  Therefore, we expect widespread impact on land 
practice in the EU and also the rest of the world.  The EU will likely need to import 
biomass feedstock or biofuels. 
Unlike the US, cropland-pasture is not represented in GTAP in the EU.  Thus, 
conducting an experiment for the EU biofuel targets does not require any special 
treatment to this special category of land.  However, we learned that the land 
transformation elasticities used in the original GTAP-BIO-ADV model do not support a 
feasible solution for the experiment including the EU biofuel mandates explained earlier 
in this chapter.  Following set of detective simulations, it appears that larger land 
transformation elasticities (in absolute term) for EU are needed to solve the infeasibility 
problem.  To determine appropriate transformation values for EU, we developed several 
experiments simulating different sets of biofuel mandates.  From these simulations, we 
learned that an enormous increase in miscanthus drop-in fuel target from the base data 
posed a significant stretch on EU cropland.  This led us to use ETL1 = -0.2, ETL2 = -1.0, 
ETL4 = -1.0, and ETL5 = -0.75 in the land supply tree for the EU region to generate a 
feasible solution for the case including biofuel targets.  For other regions, we use the 
original set of land transformation elasticities, which are ETL1 = -0.2, ETL2 = -0.75, 
ETL4 = -0.75, and ETL4 = -0.75. 
The GTAP-BIO-ADV data base assumes that the price of miscanthus in US and 
EU are identical.  Based on comparison, all EU crop prices of 2004 (which is the base 
year data of model used in this research) in FAOSTAT are more expensive than crop 
prices of the US.  This comparison suggests that in the real world, the price of miscanthus 
in EU should be higher than the price of this commodity in the US (if both regions 
produced miscanthus in the real world). Hence, EU miscanthus price in GTAP-BIO-ADV 
is undervalues and needs to be adjusted to be more realistic.  A proper yield adjustment 
shock is added to the closure of the expenditure related to EU to adjust for the difference 
between the EU and US crop prices. 
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6.4 Targets for US-EU Biofuels Expansion 
The US and EU biofuel targets explained in the past two subsections are 
simultaneously used to examine the joint impacts of biofuel expansion in US and EU.  In 
this case, the PAEL and PAAD parameters are tuned for the joint biofuel targets.  The 
land transformation elasticities of ETL1 = -0.2, ETL2 = -1.0, ETL4 = -1.0, and ETL5 = -
0.75 are used for the EU region, while we made no changes in the land transformations of 
other regions. 
6.5 Targets for US-EU Biofuels Expansion with Fixed Food Consumption 
Biofuel production leads to higher crop prices which eventually coverts a portion 
of food crops to biofuel production.  This means that biofuel production may reduce food 
consumption.  In this case we assume that food consumption is fixed.  Throughout the 
three previous cases, the biofuels targets were the prioritized objective.  Nonetheless, an 
inevitable question arises regarding interaction between biofuels targets and food 
production.  That question is the possibility of achieving the biofuels targets sustainably 
and maintaining the food production. We are not attaching any judgment on the merits of 
this case, but are simply including it to provide information on the role of food 
consumption changes in the analysis. Our intention is simply to explore the possibility 
and its consequences.  The case of US-EU biofuels expansion with fixed food 
consumption has the exact same biofuel targets as in the case of US-EU biofuel 
expansion. 
To fix food consumption following Hertel et al. [71], we fixed household final 
demands for crops, food, and livestock production.  To accomplish this task a set (named 
FOOD) including all food related commodity is defined and the GTAP regions are 
classified under two groups of low-to-middle and high income regions.  The low-to-
middle income group (named NDEV) consists of countries with GDP per capita less than 
10,000 US dollars.  Other countries from high income group (named DEV) are those 
countries with GDP per capita higher than 10,000 US dollars. 
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The case of fixing food consumption covers two different experiments.  The first 
experiment assumes food consumption is fixed at a global scale.  The second experiment 
assumes food consumption is fixed only in NDEV regions. We refer to these countries as 
lower-to-middle income (LTMI) countries as well.  The first case is to represent the 
assumption that the world will likely maintain its original food consumption, while the 
latter is to represent the case when lower-to-middle income countries are shielded from 
the impacts from the biofuels targets that could drive the food crops and food related 
commodity outputs down.  The lower-to-middle income countries are Brazil, China-Hong 
Kong), India, East Asia, Southeast Asia, Malaysia-Indonesia), Russia, Eastern Europe, 
Central America and Caribbean, South America, Middle Eastern and North Africa, and 
Sub-Saharan Africa; and the high income countries are the US, EU27, Canada, Non-
EU27 (that do not belong to Eastern Europe), Oceania (Australia and New Zealand) and 
Japan. 
Besides the modifications presented above, proper modifications are made in the 
GTAP codes and their closures to handle experiments for all cases of biofuel expansions. 
6.6 Implemented Experiments 
The analytical framework of this research is designed to demonstrate the extent to 
which direct application of land sustainability criteria changes the economic and land-use 
implications of biofuels programs in the US and EU.  In this research we will conduct the 
following main experiments: 
The US 
US-I: Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in the RFS with no land constraints, 
US-II: Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in the RFS in the presence of the US land 
sustainability criteria including identification of the AEZs of the US and other regions 
impacted by the sustainability criteria, 
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The EU 
EU-I: Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in Directive 2009/28 with no land constraint, 
EU-II: Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in Directive 2009/28 in the presence of the EU 
land suitability criteria, including identification of AEZs of any region impacted by the 
sustainability criteria, 
The US-EU 
US-EU-I Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in the RFS and Directive 2009/28 with no land 
constraint, 
US-EU-II Expansion in biofuel production (including first and second generation 
biofuels) according to the targets defined in the RFS and Directive 2009/28 in the 
presence of the US and EU land sustainability criteria, including identification of AEZs 
of any regions impacted by the sustainability criteria, 
The US-EU and Food consumption 
US-EU-Food-I Expansion in biofuel production (including first and second 
generation biofuels) according to the targets defined in the RFS and Directive 2009/28 in 
the presence of the US and EU land sustainability criteria and with food consumption 
fixed for the low-middle income countries, 
US-EU-Food-II Expansion in biofuel production (including first and second 
generation biofuels) according to the targets defined in the RFS and Directive 2009/28 in 
the presence of the US and EU land sustainability criteria and with food consumption 
fixed across the world, including identification of AEZs of any region impacted by the 
sustainability criteria. 
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CHAPTER 7 RESULTS 
7.1 Sustainable Land 
Using ArcGIS allows us to remove all the prohibited land for biomass production 
from the total land area. The process of using geographic information in achieving the 
sustainable land for the biomass production for the US and the EU is briefly described in 
section 5.3.  The sustainable land based on the US sustainability criteria will be different 
from the sustainable land based on the EU sustainability criteria.  The US sustainable 
criteria apply only to feedstock produced within the US border.  Therefore, the 
sustainable land for the US biomass production is limited to the area of the US.  For the 
EU, the global map will be used to represent the sustainable land for biomass production 
as their sustainability criteria apply across the world.  Table 7-1 recaps the sustainability 
criteria of the US and EU applied to this research. 
Table 7-1: Summary of the US and EU Sustainability Criteria (Land Restrictions) 
US Sustainability Criteria EU Sustainability Criteria 
Qualifications of land prohibited for biomass 
production 
Qualifications of land prohibited for biomass 
production 
1. Protected area (covers primary forest, wooded
land, and other protected areas) 
1. Land with high biodiversity value
     1.1 Primary forest and other wooded land 
     1.2   Areas designated for nature protection 
purpose (listed by IUCN) 
2. Wetlands 2. Land with high carbon stocks
     2.1 Wetlands 
     2.2 Peatland 
3. Federal land
(Effective date certifying land status: December 19, 2007) (Effective date certifying land status: January 2008) 
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7.1.1 Sustainable Land based on the US Sustainability Criteria 
According to the GTAP-GGCD, the US has total land of approximately 753 
million hectares (Mha) covering AEZ 7 to AEZ 16.  This indicates that the majority of 
the US land is located in the temperate zone with various degrees of moisture reflecting 
in the length of growing period of AEZs 7 to 12.  An exception of short growing period 
due to arid to semi-arid conditions exists in AEZs 13 and 14.  Despite being in the boreal 
zone as AEZs 13 and 14, AEZs 15 and 16 are less arid and therefore, have longer length 
of growing period.  By looking at the distribution of the land across AEZs, most of the 
US land belongs to AEZs 7 and 10, followed by AEZs 8,11, and 12 as depicted in figure 
7-1. 
Figure 7-1: The United States Map 
Federal land is one of land categories that cannot be used in biomass production 
for the production of renewable fuels according to RFS2.  Figure 7-2 demonstrates the 
US Federal land map from the US National Atlas being imposed on the US national map. 
The US Federal government owns nearly 640 million acres (1 million acres, equivalent to 
259 Mha) of land, which accounts for nearly 30 percent of the total US land area. 
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Federal land includes national parks, national wildlife refuges, military reservations and 
bases, and public-domain land.  Nonetheless, only the data with an area of 640 acres (259 
ha) or more are included in the federal land data of US National Atlas[97].  This means 
that the federal land smaller than 640 acres is not included.  This may not represent all of 
the US Federal land but it would be very close.  Moreover, we assume that land with less 
than 640 acres would be located in insignificant areas for our research such as urban 
areas (which cannot be used for biomass production) and it would contribute a small 
difference in our analysis due to their small areas. 
Figure 7-2: The United States Map with the Federal-Land Overlay 
Clearly, most of the Federal land is located in the west especially in Nevada, 
Utah, Wyoming, Oregon, and Colorado plus Alaska.  The federal land layer is overlain at 
the exactly matching geographic location onto the US national map; and the federal land 
is then removed by these commonly specific geographic locations from the US national 
map resulting in the US map after the removal of federal land in figure 7-3. 
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Figure 7-3: The United States Map after the Removal of the US Federal Land 
Land belonging to the Federal government can be natural (unmanaged) forest, 
pasture, or cropland.  Each data point can contain a single type or a combination of 
different types of land.  The removal of federal land in this research is mainly based on 
land ownership regardless of land types.  Hence, all of the federal land is removed at this 
stage and appeared as empty space from the US national map in figure 7-3.  Federal land 
can be overlapped with protected areas and wetlands especially if those areas belong to 
the federal or state government or part of natural forest.  This overlapping area is 
removed only once.  That is, if there is any areas of subsequent layers have the same 
geographic location of the area previously removed, they will not be redundantly 
removed. 
A similar process is repeated for the removal of the areas for nature protection 
representing the primary forest and wooded land, and other protected areas (depicted in 
figure 7-4).  These areas are important for biodiversity and environment, and they cannot 
be used for biomass production.  The protected area data of the US (PAD-US) comes 
from the USGS- Gap Analysis Program.  It contains the national inventory data of the US 
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terrestrial and marine protected areas, which are dedicated for the preservation of 
biodiversity, habitat loss, and climate and energy.  It is estimated that PAD-US is about 
715 M acres (290 Mha) which roughly accounts for 90 percent of the total US protected 
areas [98].  The PAD-US data are classified into 7 regional datasets; Northwest, 
Southwest, Midwest, South central, Northeast, Southeast, and Alaska and Hawaii. As 
shown in figure 7-4, the protected areas of the US are located throughout the country 
except the South Central part of the country (Texas, Oklahoma, Kansas and Nebraska). 
The largest concentration of protected areas is in Alaska.  Figure 7-4 also shows the 
overlapping area of protected area, and the federal land previously removed.  This 
confirms that overlapping can occur in subsequent layers.   ArcGIS allows us to remove 
these location-common areas of different layers without redundancy. 
Figure 7-4: The United States Map without the Federal Land and Overlain by the 
Protected Areas of the US 
Figure 7-5 shows a great area of land is removed in Alaska.  Nonetheless, all of 
Alaskan land is in AEZs 13 to 16, which are in the boreal zone and have very short 
growing periods each year.  These lands are typically unfit for effective crop or pasture 
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production. Therefore absence of this Alaska land should not pose a significant impact on 
our land use in the production of biomass for renewable fuels production. 
Figure 7-5: The United States Map after the Removal of Federal Land and Protected 
Areas of the US 
US wetlands are the last category of land prohibited for use for biomass 
production.  In the US, the National Wetlands Inventory (NWI) under the US Fish and 
Wildlife Services (FWS) owns this database.  Wetlands are very significant to the 
benefits of ecological, economic and social aspects.  They are habitats for fish, many 
wildlife including plants, and are the nurseries of both freshwater and seawater fish. 
These are important elements commercially and recreationally. Furthermore, wetlands 
are natural barriers protecting land from erosion due to current, water run-off, and flood. 
They are also places where nutrients are recycled in the environment. 
NWI followed the Cowardin’s Classification of Wetlands and Deepwater Habitats 
of the United States.  It categorizes wetlands and deepwater habitat into five main 
systems; marine, estuarine, riverine, lacustrine, and palustrine [99].  The ArcGIS 
technique of matching the geographic location helps eliminate those wetlands unrelated 
to this research.  Nonetheless, wetlands data of NWI is available by state except for 
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Wisconsin.  Part of wetlands can be used for agricultural purposes, namely farmed 
wetlands.  Therefore, these farmed-wetlands need to be removed from each state 
wetlands data for accuracy.  The national non-farmed wetlands layers are developed and 
overlain on the land after the removal of Federal land and protected areas; the end result 
is the US sustainable land for biomass production depicted in figure 7-6. 
Ultimately, based on the removal of several layers of unsustainable land 
according to RFS2 sustainability criteria, the US has approximately 372 Mha of 
sustainable land; including managed forest, cropland, and pasture land.  This 372 Mha of 
US sustainable land is a result of the removal of layers of prohibited land from GTAP US 
land base data (as depicted in the left panel of table 7-2).  It is important to note that in 
the process of removing federal land from the pool of available land, we lost a portion of 
US cropland, approximately 31 Mha.  Since there is no restriction on using cropland for 
biomass production we returned this portion of land back to the pool of available 
sustainable land. 
Figure 7-6: The United States Sustainable Land 
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Table 7-2 presents the original GTAP land cover data for US prior to applying 
land sustainability criteria, sustainable land after taking into account land sustainability 
criteria for US, and sustainable land after returning back the missing croplands to the 
pool of available land. As shown in this table the land cover area in the original GTAP 
data base is about 752 Mha for US. This figure drops to about 373 Mha after imposing 
land sustainability criteria. Finally, after adjusting for missing cropland, the total area of 
US sustainable land is about 404 Mha. This means that about 46% of the US land is not 
qualified for feedstock production for biofuels.  Notice that the land area after the 
removal of each layer could not be well captured.  The overalaps of unsustainable area is 
the main cause.  For instance, the difference in the land area after the removal of federal 
land and after the removal of federal land and protected area is not the actual area of all 
protected area.  The US sustainable land results showthat part of land categorized as 
protected area belongs to the federal or state government.  These are overlaps of the 
federal land and protected area.  Similary, overlaps can also occur with wetland and 
protected area and wetland with federal land.  Presenting only the final sustainable land 
in this research is suited and direct with the objective of this research to identify the 
extent of sustainable land in the US. 
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Table 7-2: The US Sustainable Land (in thousand hectares) 
AEZ 
US Land in Original GTAP Database US Sustainable Land by ArcGIS US Corrected Sustainable Land 
Forest Crop Pasture Total Forest Crop Pasture Total Forest Crop Pasture Total 
AEZ7 3,854 33,972 142,423 242,679 790 25,280 55,425 81,495 790 33,972 55,425 90,187 
AEZ8 7,585 26,586 36,037 87,071 1,100 20,622 23,049 44,770 1,100 26,586 23,049 50,735 
AEZ9 4,793 13,779 5,363 30,946 1,874 11,596 4,179 17,649 1,874 13,779 4,179 19,832 
AEZ10 51,754 48,722 16,681 133,962 34,922 44,725 14,020 93,666 34,922 48,722 14,020 97,663 
AEZ11 43,206 35,832 11,765 98,448 32,860 29,460 9,371 71,691 32,860 35,832 9,371 78,063 
AEZ12 54,854 14,706 6,934 77,940 40,682 11,722 5,842 58,245 40,682 14,706 5,842 61,229 
AEZ13 7,700 1,859 7,368 19,375 131 846 2,008 2,985 131 1,859 2,008 3,998 
AEZ14 27,762 325 2,109 30,853 644 4 49 697 644 325 49 1,018 
AEZ15 24,943 24 143 28,996 900 10 66 976 900 24 66 990 
AEZ16 2,332 2 2 2,336 719 1 2 722 719 2 2 723 
Total 228,781 175,807 228,825 752,605 114,621 144,265 114,011 372,897 114,621 175,807 114,011 404,439 
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7.1.2 Sustainable Land based on the EU Sustainability Criteria 
The EU sustainability criteria in Directive 2009/28 covers all biomass regardless 
of the place of origin; henceforth, it is appropriate to consider it as global sustainable land 
for biomass production.  Despite using a similar approach to the US sustainable land, 
some of the data features are different.  These differences arise from dissimilarities in the 
criteria and the data sources.  All of the data used for the US sustainable land are 
convenently available from US government agencies.  The data for the EU sustainable 
land is, on the contrary, available from different agencies and organizations, which 
require verification for the best data quality to be used in this research. 
Figure 7-7 is a global map by 18 agro-ecological zones displaying in different 
colors.  This global map is used as the first layer in developing the sustainable land data.  
EU sustainability criteria focus on land with high biodiversity values and high carbon 
stock.  These lands are primary forest and other wooded land, the nature protection areas, 
highly biodiverse grassland, wetlands, continuous forested area, and peatland. 
This research covers every land category except the non-clarified highly 
biodiverse grassland and continuous forest areas.  The International Union for 
Conservation of Nature (IUCN) is the forefront international organization working 
globally in conserving environment and biodiversity.  IUCN protected areas spatial 
datasets include both marine and terrestrial areas.  The IUCN protected areas also include 
wetlands of the Ramsar’s Convention for the wetlands and peatland.  Thus, the IUCN 
spatial data is used to represent all of the protected areas and wetlands and peatland of the 
world.  Figure 7-8 demonstrates the IUCN data layer overlain on top of the global map. 
Clearly, the IUCN’s protected areas are highly concentrated in the US and Western 
Europe; however, they are quite scattered across all AEZs except those unfit for human 
habitation.  Based on the common spatially geographic locations, all of the protected 
areas, wetlands, and peatland are removed from the global map as shown in figure 7-9. 
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Figure7-7: The Global Map by Agro-ecological Zone 
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Figure 7-8: The Global Map Overlain by the Nature Protection Areas, Wetlands, and Peatland 
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Figure 7-9: The Global Map after the Removal of the Nature Protection Areas, Wetlands, and Peatland 
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The last layer of spatial data to be removed from the global land is the primary 
forest layer.  With highly limited effective and high quality datasets at the global scale, 
we decided to go with the data available at the Global Forest Watch (GFW).  Three 
different types of forest data are available; original forest, current forest, and frontier 
forest.  The frontier forest is best suited with the primary forest definition referred by the 
Directive 2009/28, which is defined as the world’s remaining large intact natural 
ecosystems – undisturbed and large enough to maintain all of their biodiversity.  The 
frontier forest are located in three main areas of the world; rainforest by the equator, and 
taiga (boreal) forest in Canada and Russia.  The great rainforest by the equator are the 
Amazon Basin, the Congo rainforest, and the tropical rainforest in Indonesia.  The other 
two frontier forests are the Canadian Shield and the Northern Eurasia forest (in Russia). 
The sustainable world map based on the EU Directive 2009/28 sustainability criteria 
results after the removal of this last layer of frontier forest.  The maps in figures 7-10 and 
7-11 are used to present the information of this step. 
Finally, using the ArcGIS technique of the removal of several layers of 
unsustainable land based on EU Directive 2009/28, the world has approximately 4.92 
Billion hectares (Bha) of sustainable land in managed forest, cropland and pasture land. 
Similar to what we observed for the case of US, in the process of removing non 
sustainable land from the pool of world available land, we lost a portion of global 
cropland, approximately 146 Mha. 
Since there is no restriction on using cropland for biomass production we returned 
this portion of land back to the pool of available sustainable land.  In fact we assumed 
that all of the GTAP cropland is applicable to be used for biofuels production because it 
has been in the production of crops during the time that GTAP land database was 
developed.  Furthermore, we do not expect much change of this cropland from from the 
time the data was developed until the effective date of the the EU Directive.  Thus, all of 
it will be considered as possible cropland.  The world will have a total of 5.06 Bha of 
sustainable land, an aggregation of sustainable forest land, sustainable pasture land and 
all of the GTAP cropland. 
67 




Figure 7-11: The Global Sustainable Map 
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Table 7-3 is used to present the results of the global sustainable land by AEZ and 
by land-use type.  In this table the left panel represents the original GTAP data. The 
middle panel presents the global sustainable data by AEZ from the removal of prohibited 
land for biomass production using ArcGIS.  The right panel presents the total global 
sustainable land assuming all GTAP cropland are sustainable to be used in biomass 
production. As shown in this table the world land cover area in the original GTAP data 
base is about 8.3 Bha. This figure drops to about 4.9 Bha after imposing the EU land 
sustainability criteria. Finally, after adjusting for missing croplands, the world sustainable 
land is about 5 Bha. This means that about 40% of the global land cover is not qualified 
for feedstock production for biofuels according to the EU sustainability criteria. 
The land area after the removal of each layer could not be well captured.  The overalaps 
of unsustainable area is the main cause.  For instance, the difference in the land area after 
the removal of IUCN protected area and wetland and after the removal of IUCN 
protected area and wetland and natural forest is not the actual area of all natural forest. 
The global sustainable land result maps show that part of land categorized as IUCN 
protected area and wetland is natural forest.  These are overlaps of the IUCN protected 
area and wetlands and natural forest.  Presenting only the final sustainable land in this 
research is suited for the objective of this research to identify the extent of global 
sustainable land. 
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Table 7-3: The World Sustainable Land Based on the EU Sustainability Criteria (in thousand hectares) 
AEZ 
World Land in Original GTAP Database World Sustainable Land by ArcGIS World Corrected Sustainable Land 
Forest Crop Pasture Total Forest Crop Pasture Total Forest Crop Pasture Total 
AEZ1 686 26,105 203,931 416,340    -   23,146 185,224 208,371    -   26,105 185,224 211,330 
AEZ2 2,270 55,352 115,776 298,464    -   50,065 103,084 153,149    -   55,352 103,084 158,435 
AEZ3 13,775 117,889 134,088 476,614    -   105,352 102,389 207,741    -   117,889 102,389 220,278 
AEZ4 66,571 119,138 185,035 589,707 54,772 100,984 135,645 291,401 54,772 119,138 135,645 309,555 
AEZ5 156,339 116,984 190,791 639,165 106,857 98,584 145,978 351,419 106,857 116,984 145,978 369,819 
AEZ6 344,253 130,428 98,136 633,961 126,999 108,161 74,484 309,644 126,999 130,428 74,484 331,911 
AEZ7 6,962 105,616 779,958 1,542,193 6,432 99,409 724,377 830,219 6,432 105,616 724,377 836,425 
AEZ8 24,771 183,869 285,984 684,710 23,086 173,573 261,135 457,794 23,086 183,869 261,135 468,090 
AEZ9 93,955 175,327 118,117 521,754 80,997 165,894 106,046 352,938 80,997 175,327 106,046 362,371 
AEZ10 228,546 231,204 118,086 666,679 197,653 211,760 105,257 514,671 197,653 231,204 105,257 534,114 
AEZ11 128,433 108,637 73,657 361,659 108,699 99,539 66,212 274,451 108,699 108,637 66,212 283,549 
AEZ12 142,022 93,768 114,741 407,488 127,804 88,407 106,338 322,548 127,804 93,768 106,338 327,909 
AEZ13 13,161 28,379 149,325 250,912 8,328 27,345 135,239 170,912 8,328 28,379 135,239 171,946 
AEZ14 200,204 16,787 97,357 386,762 115,489 14,943 76,720 207,152 115,489 16,787 76,720 208,996 
AEZ15 241,271 32,593 62,628 395,557 162,941 29,692 48,921 241,555 162,941 32,593 48,921 244,456 
AEZ16 13,274 2,376 17,113 47,356 8,726 1,916 11,903 22,545 8,726 2,376 11,903 23,005 
AEZ17 1,655 32 869 4,237 629 17 609 1,255 629 32 609 1,270 
AEZ18 0 1 159 160    -   1 61 62    -   1 61 62 
Total 1,678,148 1,544,485 2,745,750 8,323,717 1,129,414 1,398,790 2,389,623 4,917,827 1,129,414 1,544,485 2,389,623 5,063,522 
Note: ‘-’ means zero; ‘0’ is small quantity round up to zero 
Source: Author’s estimates 
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7.1.3 Sustainable Land based on the US and EU Sustainability Criteria 
With the differences in the scope and conditions of the US and EU sustainability 
criteria, when the US RFS and EU Directive are implemented at the same time, the global 
sustaianable land result is different from the case when each national sustaianability 
criteria is implemented separately.  The main driver for this difference is US sustainable 
land.  US sustainable land is developed from the stricter criteria and more detailed 
geospatial data base.  As a result, US sustainable land based on the US sustainability 
criteria is less than that based on the EU sustainability criteria.  Table 7-4 presents the 
global sustainable land in the presence of the US and the EU sustainability criteria.  
Similar to what we observed earlier, in the process of removing non-sustainable land 
from the pool of world available land, we lost a portion of global cropland, approximately 
169 Mha due to the US and EU sustainability measures. Again we returned back this 
portion of land to the pool of available sustainable land. The global sustainbable land 
developed by ArcGIS is 4.73 Bha, which is about 0.18 Bha less than the global 
sustainable land under the EU sustainability criteria.   As shown in Table 7-4 the world 
land cover area in the original GTAP data base is about 8.3 Bha. This figure drops to 
about 4.7 Bha after imposing the US and EU land sustainability criteria. Finally, after 
adjusting for missing croplands, the world sustainable land is about 4.9 Bha. This means 
that about 41% of the global land cover is not qualified for feedstock production for 
biofuels according to the US and EU sustainability criteria. 
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Table 7-4: The World Sustainable Land Based on the US and the EU Sustainability Criteria (in thousand hecatres) 
AEZ 
World Land in Original GTAP Database World Sustainable Land by ArcGIS World Corrected Sustainable Land 
Forest Crop Pasture Total Forest Crop Pasture Total Forest Crop Pasture Total 
AEZ1 686 26,105 203,931 416,340    -  23,146 185,224 208,371    -   26,105 185,224 211,330 
AEZ2 2,270 55,352 115,776 298,464    -  50,065 103,084 153,149    -   55,352 103,084 158,435 
AEZ3 13,775 117,889 134,088 476,614    -  105,352 102,389 207,741    -   117,889 102,389 220,278 
AEZ4 66,571 119,138 185,035 589,707 54,772 100,984 135,645 291,401 54,772 119,138 135,645 309,555 
AEZ5 156,339 116,984 190,791 639,165 106,857 98,584 145,978 351,419 106,857 116,984 145,978 369,819 
AEZ6 344,253 130,428 98,136 633,961 126,999 108,161 74,484 309,644 126,999 130,428 74,484 331,911 
AEZ7 6,962 105,616 779,958 1,542,193 3,664 91,433 649,392 744,489 3,664 105,616 649,392 758,671 
AEZ8 24,771 183,869 285,984 684,710 17,242 168,726 249,606 435,574 17,242 183,869 249,606 450,717 
AEZ9 93,955 175,327 118,117 521,754 78,387 164,410 104,995 347,793 78,387 175,327 104,995 358,709 
AEZ10 228,546 231,204 118,086 666,679 185,988 209,082 103,255 498,325 185,988 231,204 103,255 520,448 
AEZ11 128,433 108,637 73,657 361,659 106,875 95,948 64,563 267,386 106,875 108,637 64,563 280,075 
AEZ12 142,022 93,768 114,741 407,488 118,759 86,659 106,142 311,561 118,759 93,768 106,142 318,669 
AEZ13 13,161 28,379 149,325 250,912 4,595 26,425 130,799 161,819 4,595 28,379 130,799 163,773 
AEZ14 200,204 16,787 97,357 386,762 100,870 14,681 75,215 190,766 100,870 16,787 75,215 192,872 
AEZ15 241,271 32,593 62,628 395,557 153,011 29,684 48,874 231,569 153,011 32,593 48,874 234,479 
AEZ16 13,274 2,376 17,113 47,356 7,608 1,915 11,902 21,425 7,608 2,376 11,902 21,886 
AEZ17 1,655 32 869 4,237 629 17 609 1,255 629 32 609 1,270 
AEZ18 0 1 159 160    -  1 61 62    -   1 61 62 
Total 1,678,148 1,544,485 2,745,750 8,323,717 1,066,259 1,375,274 2,292,217 4,733,750 1,066,259 1,544,485 2,292,217 4,902,960 
Note: ‘-’ means zero; ‘0’ is small quantity round up to zero 
Source: Author’s estimates 
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7.2 Land-Use Change due to Biofuels Production Expansion with Sustainability Criteria 
This section presents the result of the model simulation in various cases explained 
in chapter 6, and the impacts on land-use induced by biofuel production together with the 
sustainability criteria.  In each case of biofuel expansion, we will first cover the ILUC 
impacts; that is, the allocation of land among different land uses as a result of biofuel 
expansion in the absence and presence of sustainability criteria.  The ILUC impacts in the 
presence of sustainability criteria will provide the answer to the key question of this 
research regarding the possibility of delivering the biofuel mandate with the sustainable 
land practice.  Then, we will look closer into the pattern of cropland allocation especially 
for those significant crop commodities e.g. coarse grains (corn), wheat, oilseeds.  Our 
research is interested in the economic impacts of these biofuel expansions.  Therefore, the 
changes in commodity outputs and output prices are included in the results.  Lastly, one 
of the most important facets of impact analysis of any policy is economic welfare.  
Hence, we will take the result of the equivalent variation change, one of the measures 
widely used in welfare analysis and available in the GTAP model to report the welfare 
changes resulting from the biofuel expansion. 
7.2.1 US Biofuel Expansion 
We begin with the scenario of US biofuels expansion without the land 
sustainability constraint.  Expansion of biofuels targets according to the RFS2 definitely 
has multi-dimension impacts.  Table 7-5 captures the ILUC impacts due to the US biofuel 
expansion in the US.  All of the biofuels targets in the RFS are made from biomass that 
required some sort of land, thus the conversion of managed forest and pasture land to 
cropland is evidenced.  The reason for this is that biofuel expansion raises the returns on 
cropland (as cropland becomes more demanded), and in turn, it induces land conversion. 
Overall, more of cropland conversion comes from managed forest than pasture land.  The 
magnitude of land conversion varies in each region with a large portion of land 
conversion to cropland in AEZs 7, 10, and 11, which are the important agricultural areas. 
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AEZs 7 and 8 are originally dominated by pasture in the base data; hence, when cropland 
is more demanded, pasture land in these AEZs are converted into cropland.  AEZs 10, 11 
and 12 are on the other hand dominated by managed forest in the base data; hence, more 
of the managed forest land is converted to cropland due to the biofuel expansion. 
Table 7-5: The Land-Use Impact on the US Land Allocation due to the US Biofuel 
Expansion 
Change in Land Allocation (thousand hectares) 
Managed Forest Cropland Pasture 
AEZ7                (24)                435             (412) 
AEZ8                (52)                184             (132) 
AEZ9                (16) 16 0 
AEZ10              (309)                355               (46) 
AEZ11              (194)                209               (15) 
AEZ12                (89) 78 11 
AEZ13                (21) 18 3 
AEZ14                (18) 13 6 
AEZ15 (1) 1 0 
AEZ16 (0) 0 0 
Total              (725)             1,309             (583) 
Note: Parentheses presents negative number; ‘0’ means small quantity round to zero. 
Source: Author’s estimates 
Comparing this US ILUC result with the previous work of Taheripour, et al. [93] 
on the global land use changes due to US biofuel program (cases a-d in their research 
containing 15 BG corn ethanol and 16 BG cellulosic biofuel, thus, only 1 BG biodiesel 
target was absent – which will later be referred as TTW), we find similarity in total 
cropland requirement due to the US biofuel expansion (1.29 Mha vs. 1.31 Mha). 
However, differences are found in total areas of managed forest and pasture land 
converted into cropland.  More managed forest is converted to cropland in that study, 
1.03 Mha vs. 0.73 Mha here.  Consequently, less pasture land is converted to cropland, 
0.26 Mha vs. 0.58 Mha.  The difference in this land-use allocation could be driven by the 
difference in the values of land transformation parameters.  This research adjusts those 
parameters to provide more flexibility to respond to the EU cellulosic biofuel expansion. 
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Although, achieving US biofuel targets may not need greater flexibility in land-use, for 
consistency of all models, we use those adjusted values of land parameters throughout 
this research. 
Although, US sustainability criteria apply to only the biomass within the US 
border, the US biofuel expansion also impacts the change in land-use of other regions of 
the world.  Table 7-6 captures these changes.  Overall, the world demands 3.31 Mha of 
cropland; 2.61 Mha of which comes from pasture and 0.7 Mha comes from managed 
forest. 
Table 7-6: The Land-Use Impact on the Global Land Allocation due to the US Biofuels 
Expansion 
Change in Land Allocation (thousand hectares) 
Region Managed Forest Cropland Pasture 
USA              (726)             1,309             (583) 
EU27              (147)                226               (78) 
Brazil 66                166             (232) 
Canada              (259)                354               (95) 
Japan (4) 5 (1) 
CHIHKG 42 80             (122) 
India (9) 17 (9) 
C.America 56 37               (93) 
S.America                127                123             (250) 
E.Asia 6 1 (7) 
MsiaIndo 1 6 (7) 
SE.Asia 4 5 (9) 
S.Asia (3) 43               (39) 
Russia                278 14             (292) 
E.Europe                (37)                179             (141) 
Oth Europe 0 2 (3) 
ME&N.Afr (0)                141             (141) 
SSAfr                (95)                461             (368) 
Oceania (1)                141             (141) 
Total              (702)             3,313          (2,610) 
Source: Author’s estimates. 
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The result of this global ILUC is quite similar to the mentioned TTW work.  In their 
finding, cropland expanded by 3.14 Mha, 2.24 Mha of which came from pasture and 0.9 
Mha came from managed forest.  The difference in total cropland expansion comes from 
the difference in 1-BG oilseeds biodiesel target. 
The magnitude of cropland conversion in this research varies from region to 
region.  The US, Sub-Saharan Africa, Canada, and EU27 report the highest changes. 
Canada and EU27 uniquely show cropland conversion from managed forest land; this is 
due to the fact that these two regions have more abundant managed forest than pasture 
available at the beginning (in the base data).  In addition, managed forest of these two 
regions have lower rate of return per hectare than the pasture land.  Cropland conversion 
from managed forest is more economical than that from pasture land. 
The most important question for this research is sufficiency of sustainable land for 
biomass production meeting the biofuels targets.  Clearly, more cropland is needed to 
deliver the biofuels targets, and this additional cropland must come from the conversion 
of managed forest, pasture land, and/or cropland-pasture.  Up to now, we assume that the 
all of the existing cropland in GTAP land data is available. 
Table 7-7 presents the area of additional US cropland needed to deliver the 
biofuels expansion and the possible sustainable managed forest and pasture for cropland 
conversion.  The US biofuel targets are the only shock to this model.  All the results are, 
therefore, driven only by these biofuel targets.  In order to achieve 15 BG corn ethanol, 
16 BG cellulosic biofuels, and 1 BG biodiesel, the US requires an addition of 1.3 Mha on 
top of existing cropland (176 Mha from table 7-3).  This required additional cropland 
must come exclusively from the sustainable managed forest and pasture land found in 
section 7.2.1.  The sustainable land based on the US sustainability criteria, is over 228 
Mha.  Obviously, there is more sustainable managed forest and pasture land for cropland 
conversion than the actual area of cropland needed across all AEZs.  We further look into 
this required additional cropland in each AEZ of the US to determine if there are binding 
AEZs, which are those AEZs with greater required additional cropland than the available 
sustainable managed forest and pasture lands to be converted to cropland based on the US 
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sustainability criteria.  The result shows that no AEZs are binding.  In other words, there 
is more sustainable managed forest and pasture available for cropland conversion than the 
required additional cropland in all AEZs. 
Table 7-7: The Impact on the US Cropland Requirement vs. Potential Sustainable 















AEZ7 435 790              55,425              56,215 
AEZ8 184 1,100              23,049              24,149 
AEZ9 16 1,874                4,179                6,053 
AEZ10 355 34,922              14,020              48,941 
AEZ11 209 32,860                9,371              42,231 
AEZ12 78 40,682                5,842              46,523 
AEZ13 18 131                2,008                2,139 
AEZ14 13 644 49 693 
AEZ15 1 900 66 965 
AEZ16 0 719 2 721 
Total                1,309               114,621            114,011            228,631 
Source: Author’s estimates. 
We now turn to the change in pattern of crop harvested area.  The US harvested 
area is originally (before the US biofuels expansion) dominated by coarse grains (corn), 
oilseeds, wheat, and other agricultural crops (a composite agricultural commodity other 
than paddy rice, wheat, coarse grains, oilseeds, and sugar crops).  Most of harvested areas 
of these crops are located in AEZs 7 to 12 as shown in table 7-8.  The original cropland 
pasture of the US can be found in AEZs 7 to 14 with a concentration in AEZs 7, 10 and 
11. The US biofuels expansion brings about a great change in the pattern of harvested
area of cropland and cropland pasture, which is summarized in table 7-9.  The conversion 
of cropland among different crops occurs mostly in these important cropland AEZs. 
Coarse grains acreage grows the largest by over 5 Mha, while other traditional crops are 
all down.  
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Table 7-8: The US Harvested Areas in 2004 (in thousand hectares)  
Paddy Rice Wheat Coarse Grains Oilseeds Sugar Crops Oth Agri Pasturecrop 
AEZ7 -            7,026              3,552             462              154          7,009           9,410 
AEZ8 1          5,682              3,569          2,695                60          5,920           2,422 
AEZ9                34          2,272              3,678          3,203              205          2,337              865 
AEZ10              245          2,463            15,072        12,645              211        10,709           5,174 
AEZ11              600          1,662              7,968        10,011                22          7,802           4,697 
AEZ12              466             587              1,300          2,810              248          4,233           2,007 
AEZ13 -               475 41               11             7.54             345              362 
AEZ14 0               50 30 0 1               91                87 
AEZ15 -   5 2 0 -                 17 -   
AEZ16 -   0 -                 -   -   1 -   
Total           1,346        20,222            35,213        31,837              908        38,464         25,024 
Note: ‘-’ means zero; ‘0’ is small quantity round up to zero 
Source: GTAP data base. 
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Table 7-9: The Land-Use Impact on the US Cropland Allocation due the US Biofuels Expansion 








Agri Miscanthus Switchgrass Pasturecrop Total 
AEZ7             -   (117) 929           37 7 185             397               758          (1,760) 435 
AEZ8 (0) (292) 775         112 1 (59)             137               262             (752) 184 
AEZ9 (2) (233) 557 (47) (9) (148)               73               139             (314) 16 
AEZ10 (21) (280) 2,065 (342) (12) (803)             480               918          (1,650) 355 
AEZ11 (44) (172) 1,194 (161) (1) (504)             500               955          (1,557) 209 
AEZ12 (27) (52) 220             1 (8) (208)             250               477             (574) 78 
AEZ13             -   (13) 10             1 0 5                -   -   15 18 
AEZ14 0 (1) 8             0 0 2                -   -   4 13 
AEZ15             -   (0) 0             0           -   0                -   -   -   1 
AEZ16             -   (0)             -             -             -   0                -   -   -   0 
Total (94) (1,161) 5,757 (400) (22) (1,530)          1,837            3,509          (6,587) 1,309 
Note: Parentheses represents negative number; ‘-‘ means zero; ‘0’ means small quantity round up to zero 
Source: Author’s estimates 
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This is driven by 15-BG corn ethanol mandate in RFS as coarse grain (corn) is the 
primary material for US ethanol.  More harvested area of coarse grains, miscanthus, and 
switchgrass definitely increases outputs for these crops. 
Comparing across traditional crops, wheat loses the most harvested area apart 
from the aggregate other agricultural crops.  Coupled with a slight drop in yield, wheat 
output diminishes more than other crops.  Oilseeds and sugar crops face a reduction in 
cropland despite a slight improvement in yield.  Miscanthus and switchgrass have gained 
significant harvested area of 1.84 and 3.51 Mha respectively with the ambitious aggregate 
target of 7 BG of miscanthus and switchgrass drop-in fuels.  As a result, other crops are 
forced to give up cropland for the production of these two dedicated energy crops.  In the 
original base data, miscanthus and switchgrass are modeled to be grown predominantly in 
AEZs 10, 11, and 12, and with some production in AEZs 7, 8, and 9.  The greatest 
expansions of miscanthus and switchgrass are in AEZs 10 and 11, which are the major 
growing areas of coarse grains and oilseeds. 
With respect to the change in cropland-pasture (labeled as Pasturecrop in result 
tables), 6.59 Mha of cropland-pasture is converted to cropland.  This conversion occurs in 
most of the important cropland-pasture AEZs, which are AEZs 7, 10, and 11.  This is 
driven by the aggregated biofuel targets of corn ethanol, biodiesel, and miscanthus and 
switchgrass drop-in fuels.  This finding of 6.59 Mha of cropland-pasture converting to 
cropland differs from finding of the mentioned TTW research.  They found a total of 11.8 
Mha of cropland-pasture converting to cropland due to 15 BG of corn ethanol and 16 BG 
cellulosic biofuel [93].  Nonetheless, it is important to emphasize that their research result 
is from combining the results of separate cases of ethanol, stover-biogasoline, miscanthus 
biogasoline, and switchgrass biogasoline targets.  Therefore, the interaction of ethanol 
and cellulosic biofuel targets in the model is not captured in their research finding. 
Table 7-10 captures the changes in production outputs in percentage terms.  
Clearly, the US biofuel expansion has great impacts on the land-using sectors, especially 
traditional and dedicated energy crops including the products in the livestock sector.  The 
gain of cropland from conversion of other land uses contributes to the increase in outputs 
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of several crops.  Coarse grains output, the primary biomass for US ethanol production, 
rises by nearly 18 percent.  The outputs of Miscanthus, switchgrass, and corn stover 
increase to provide enough feedstock for cellulosic biofuel targets which are exogenous. 
Typically, corn stover is left in the field for soil protection and nutrient purposes.  The 
cellulosic drop-in fuel from corn stover target adds value to corn stover and transforms it 
into another marketable product.  As a result, corn farmers collect it and turn it into 
another cash (by-product) crop.  Outputs of the livestock sector and all other traditional 
crops except coarse grains and oilseeds fall.  Despite a small percentage increase (less 
than one percent) in oilseeds output, crude vegetable oil output rises by a significant 
percentage (25 percent).  Additional imports of foreign oilseeds and foreign crude 
vegetable oil are key to the rise in the crude vegetable oil outputs.  The major sources of 
foreign oilseeds imports are Brazil, Canada, and China-Hong Kong; whilst Canada and 
Malaysia-Indonesia are important sources for foreign crude vegetable oil.  The by-
products of the biofuel industry, i.e., DDGS and oil meal (VOBP) outputs, also rise as the 
original crop outputs rise.  These two by-products are used in the livestock industry as 
inputs in animal feeds.  Consequently, the benefit from these biofuel by-products lessens 
the ILUC impacts of the US biofuel expansion on the livestock industry as evidenced by 
slight falls in ruminant and non-ruminant outputs. 
82 
Table 7-10: The Impact on Regional Production Outputs due to the US Biofuels Expansion 




























































































USA -4.88 -7.08 17.99 0.52 -0.63 -3.20 -0.63 -1.00 -0.78 339.71 25.01 25.26 -7.02 -0.61 -0.59 -1.52
EU27 1.50 0.80 0.00 1.54 0.03 0.27 -0.01 0.07 0.07 -0.26 3.58 3.58 0.78 0.02 0.01 -0.20
Brazil 0.06 0.70 0.92 2.48 -2.24 0.09 0.01 -0.15 0.04 -0.89 2.64 2.64 -0.13 -0.01 -0.23 -0.28
Canada 4.85 0.68 -0.69 3.38 -0.03 1.03 -0.10 0.39 0.76 -2.05 4.44 4.51 -2.25 -0.02 -0.09 0.09
Japan 0.00 2.52 4.31 0.57 -0.01 0.23 -0.04 -0.06 -0.12 -0.63 0.48 0.49 -0.14 -0.05 -0.01 -0.05
CHIHKG -0.03 0.58 0.64 0.81 -0.01 0.17 -0.02 -0.01 -0.01 -2.04 3.39 3.39 0.93 -0.09 -0.02 0.05
India 0.05 0.16 0.16 0.27 -0.01 0.19 0.01 0.07 0.06 -0.84 5.17 5.18 0.57 0.02 0.00 0.04
C.America 1.47 2.12 0.13 5.84 -0.14 0.56 -0.45 0.07 -0.11 1.94 16.25 16.29 1.57 -0.33 -0.12 0.02
S.America 0.17 0.28 0.75 2.04 -0.09 0.23 -0.17 -0.20 -0.07 5.75 3.19 3.20 0.80 -0.02 -0.07 -0.02
E.Asia 0.12 1.10 1.70 0.36 0.00 0.26 -0.09 -0.31 -0.25 19.88 -1.60 -1.59 -0.95 -0.28 -0.02 0.21
MsiaIndo -0.12 1.76 -0.16 1.11 -0.10 0.23 -0.24 -0.17 0.04 6.33 2.52 2.53 0.22 -0.11 -0.07 0.19
SE.Asia -0.11 4.71 0.78 0.44 0.03 0.45 0.01 -0.09 0.07 9.36 5.53 5.54 0.79 -0.04 0.03 0.17
S.Asia 0.04 0.49 0.45 0.48 -0.01 0.21 -0.02 0.02 0.01 8.07 0.38 0.39 0.06 -0.13 0.00 0.07
Russia 0.12 0.57 -0.03 0.88 -0.09 0.09 -0.27 -0.13 -0.12 0.78 2.22 2.22 0.54 0.01 -0.09 0.69
E.Europe 1.22 0.38 0.43 1.28 -0.09 0.24 -0.07 -0.03 -0.01 -0.31 4.28 4.27 0.59 -0.08 -0.11 0.01
Oth Europe 4.23 0.43 1.21 -0.04 -0.04 0.20 -0.01 -0.02 -0.06 0.87 5.96 5.97 -0.25 0.26 -0.03 0.25
ME&N.Afr -0.14 0.98 1.02 1.40 -0.16 0.16 -0.18 -0.12 -0.30 3.68 8.87 8.88 0.85 -0.26 -0.21 -0.29
SSAfr 0.34 2.33 0.01 1.24 0.09 0.48 -0.17 -0.15 -0.20 1.61 4.13 4.15 0.37 -0.04 -0.14 -0.15






The reduction in processed outputs, e.g. processed food, beverage and sugar, and 
refined vegetable oil, could be explained by the fact that these products also use biomass 
crops as production inputs – corn and oilseeds for instance.  When these crops are 
allocated for biofuels production, less of available remaining materials are funneled into 
the production of these processed outputs. 
We now turn to another important economic change – the change in output prices. 
The prices of the outputs are unavoidably impacted by this biofuel expansion.  The prices 
of all outputs generally increase across all sectors with few exceptions as depicted in 
table 7-11.  The higher demand for biomass for biofuels production, i.e., coarse grains, 
oilseeds, and dedicated energy crops, is the main reason for the price surge.  Prices of 
oilseeds and sugar crops rise at about the same percentage.  Wheat, which loses the most 
harvested area besides aggregate other agricultural crops, faces the smallest changes in 
price compared to other crops.  The price increase of non-biomass crops and other 
products can be explained by the tightened supply of outputs as previously seen in the 
changes in outputs result. 
US biofuel expansion has effects on trade.  For instance, US wheat import from 
Canada increases by 2.63 percent.  This is quite significant considering that the US is the 
major world wheat exporter.  Biofuel targets especially from dedicated energy crops 
impacts wheat by reducing its production area.  As a result wheat output declines and this 
leads to an increase in wheat imports to substitute for US wheat output.  Brazil, the major 
soybean producer, also shows significant increase of export by over 60 percent.  The 
other crop exports also increase by at least 20 percent.  This includes exports of all crops 
except coarse grains to the US. 
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Table 7-11: The Impact on the Regional Output Prices due to the US Biofuels Expansion 





























































































USA 3.44 2.59 8.86 5.47 5.63 4.08 1.07 1.31 0.96 -3.52 -13.09 30.03 6.49 0.56 0.56 3.68
EU27 0.36 0.46 0.56 0.51 0.40 0.54 0.18 0.15 -0.07 4.53 -0.19 0.84 0.02 -0.08 -0.07 1.43
Brazil 0.98 0.80 0.98 1.05 0.41 0.96 0.40 0.38 0.01 1.01 -0.06 1.34 0.46 0.16 0.02 2.07
Canada 0.59 1.27 0.83 1.59 1.54 1.36 0.31 0.32 -0.21 2.96 -4.92 8.27 3.09 0.19 0.10 1.97
Japan 0.46 0.78 1.12 0.66 0.46 0.45 0.36 0.57 0.30 5.52 0.69 3.84 0.64 0.06 -0.10 1.42
CHIHKG 0.52 0.46 0.62 0.69 0.44 0.58 0.35 0.31 0.09 0.70 0.86 -0.57 0.04 0.18 -0.02 0.70
India 0.68 0.45 0.61 0.79 0.59 0.65 0.57 0.42 0.07 0.66 -0.11 1.17 0.07 0.07 0.11 0.76
C.America 1.75 1.05 1.61 2.53 1.37 1.54 2.16 0.49 0.13 65.15 -2.39 4.45 0.65 0.42 0.13 1.56
S.America 1.34 1.19 1.32 1.50 1.13 1.38 0.61 0.52 0.21 33.18 0.22 1.79 0.22 0.08 0.01 1.69
E.Asia 0.76 0.87 1.08 1.15 0.37 0.83 0.51 0.45 0.60 30.37 1.75 3.54 1.30 0.32 0.01 1.03
MsiaIndo 0.85 0.88 0.77 1.12 0.78 0.98 0.34 0.43 0.04 24.51 0.11 1.30 0.45 0.18 0.07 1.03
SE.Asia 0.72 0.28 1.07 1.06 0.58 0.92 0.35 0.46 0.02 14.52 -1.38 1.54 0.63 0.14 -0.01 1.04
S.Asia 0.31 0.43 0.46 0.50 0.40 0.48 0.22 0.16 0.03 0.55 -0.15 1.54 0.36 0.14 0.01 0.31
Russia 0.21 0.36 0.18 0.45 0.14 0.17 -0.05 -0.06 -0.07 0.14 -0.23 0.24 -0.06 -0.10 -0.14 0.98
E.Europe 0.35 0.37 0.44 0.80 0.25 0.46 0.26 0.18 0.04 0.51 1.06 0.36 0.17 -0.01 0.04 1.15
Oth Europe -0.18 0.65 0.73 0.62 0.47 0.55 0.14 0.16 -0.04 0.69 -0.24 1.18 0.33 -0.18 -0.13 0.99
ME&N.Afr 0.38 0.41 0.28 0.47 0.15 0.38 0.07 0.05 -0.02 33.47 -0.58 0.98 0.14 -0.04 -0.19 1.34
SSAfr 0.54 0.55 0.38 0.67 0.21 0.50 0.01 -0.03 -0.20 7.88 -1.72 1.30 0.17 -0.15 -0.15 1.00
Oceania 0.93 1.20 1.55 1.38 0.90 0.96 0.22 0.26 -0.06 1.52 -0.08 0.44 0.31 -0.05 -0.01 1.19





The other significant aspect in the economic analysis of any research is the well-
being of the people (or consumers) as a result of any policy.  Equivalent variation (EV) is 
the money metric equivalent in the GTAP model used to represent welfare change [100].  
In the case of the CGE model where multiple products are produced, consumed, and 
traded in multi-regions, the result of EV is due from aggregate interactions between taxes 
and quantity changes, and added effects from the changes in trade.  The gain and loss in 
welfare is represented by the positive and negative signs of equivalent variation 
respectively.  With the US biofuels expansion, the EV of the US falls by 48 billion US 
dollars from the base (without the biofuels expansion, as shown in table 7-12).  The main 
contributor for this welfare loss of the US is the allocative efficiency effect, in other 
words, reallocation of existing resources from their optimal uses.  Consumption of higher 
priced domestic products also contributes to this welfare loss as consumers can afford 
less quantity given the constant budget constraint.  This welfare loss could be more 
severe without the benefit from international trade.  It must be noted that this (and all 
impacts) is based on applying only the biofuels shock to the 2004 data base. In fact, many 
other changes have occurred since then. In particular, the price of crude oil and all 
associated fossil fuels has increased substantially since 2004. In fact, the cost of corn 
based ethanol today is much closer to fossil gasoline, and it could be that the actual 
welfare impacts might be considerably smaller. 
Despite the fact that the RFS is implemented and limited only within the US, it is 
undeniable that it would have economic impact in the rest of the world due to the open 
economy.  Many regions, as also shown in table 7-12, have welfare losses as a result of 
US biofuel expansion.  For those regions with positive equivalent variation, they have 
welfare gain benefiting from international trade. 
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Table 7-12: The Welfare Impacts – Equivalent Variation Measure (in Million US 
Dollars) due to the US Biofuels Expansion 
Aggregate Contribution Contribution 
Region Welfare of Allocative  of TOT 
Effects Effects Effects 
USA      (48,170)         (57,323)             9,153 
EU27             (69)              (413)                345 
Brazil            242 74                168 
Canada           (711)                (21)               (690) 
Japan           (247)                (24)               (223) 
CHIHKG             (24) 10 (33) 
India            513               130                382 
C.America        (1,429)              (540)               (889) 
S.America           (615)                (25)               (589) 
E.Asia            311               131                180 
MsiaIndo              61 92 (31) 
SE.Asia            233 49                184 
S.Asia              59 7 52 
Russia        (1,353)              (145)            (1,207) 
E.Europe             (11) (7) (4) 
Oth Europe           (648) 22               (670) 
ME&N.Afr        (4,658)                (14)            (4,644) 
SSAfr        (1,041)                (75)               (966) 
Oceania              90 (4) 94 
Total      (57,465)         (57,439) (26) 
Source: Author’s estimates. 
Based on this analysis, there is plenty of available land in the US even after all 
land sustainability criteria are applied. An expansion of US biofuel production has 
impacts on outputs and price.  As more cropland or other land uses are allocated and 
converted to biomass production for biofuels production, less land is available for the 
production of other crops and other products.  This competitiveness in resources drives 
up the cost of production for these other crops and products.   Consequently, these crops 
and products become more expensive.  The higher prices of commodities lead to the 
reduction in economic welfare. 
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7.2.2 The EU Biofuels Expansion 
The EU Directive 2009/28 and its associated sustainability criteria apply to all 
biomass regardless of origin.  Thus, the result should be looked at domestically (within 
the EU-27) and internationally (the rest of the world). 
We begin with the ILUC impacts from the EU biofuel expansion.  The EU has 
land in AEZ 4, and AEZs 8 to 16.  Within the EU, the change in land-use is conversion of 
managed forest and pasture to cropland especially in AEZs 9, 10, and 11, the three AEZs 
with highest land cover and significant crop areas (as shown in table 7-13). 
Table 7-13: The Land-Use Impact on the EU Land Allocation due to the EU Biofuel 
Expansion 
Change in Land Allocation (thousand hectares) 
AEZ Managed Forest Cropland Pasture 
AEZ4 -   0 (0) 
AEZ8 -   3 (3) 
AEZ9              (190)                233               (44) 
AEZ10           (1,090)             1,266             (176) 
AEZ11              (414)                550             (135) 
AEZ12                (58) 76               (18) 
AEZ13 -   0 (0) 
AEZ14 (7) 6 2 
AEZ15              (152)                144 7 
AEZ16                (32) 32 1 
Total           (1,944)             2,310             (366) 
Source: Author’s estimates. 
In general, more of the managed forest than pasture land is converted to cropland 
with the exception of AEZs 4, 8 and 13, which have no managed forest.  This can be 
explained by the fact that EU land cover is originally dominated by managed forest of 
over 150 Mha, while it contains only 60 Mha of pasture land across all AEZs.  When 
cropland becomes more demanded in each AEZ, this raises the return on land and 
therefore induces cropland conversion.  This conversion comes from land with greater 
abundance and/or land with the best return.  In the EU case, cropland conversion occurs 
from the land with greater abundance, which is managed forest. 
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By looking at the global land-use impacts in table 7-14, it is obvious that the 
change occurs mostly in the EU.  Nonetheless, other regions also show some significant 
changes, e.g. Sub-Saharan Africa, Canada, the US, and Eastern Europe.  Over 1.9 Mha of 
EU managed forest is converted to cropland along with 0.4 Mha of pasture.  This is very 
unique from the cropland conversion patterns of most regions that have more pastureland 
converting to cropland.  This is because the EU has more of the managed forest than 
pasture land available at the beginning.  Other regions which have greater managed forest 
area than pasture land are Canada, Japan, Southeast Asia, and Russia.  Canada and Japan 
clearly show more of managed forest converting to cropland than pasture.  However, 
Russia and Southeast Asia are an exception, as they have gained managed forest area 
from other land-uses.  The great loss of EU managed forest is compensated by forest 
expansion in some other regions.  Russia can easily replace the forest in EU considering 
the similarity in the agro-ecological zone and botanic similarity. 
Brazil and South America are worth noting with their managed forest expansion. 
Expansion of managed forest in these two regions is driven by higher prices of the 
forestry outputs.  The forestry production relies greatly on land endowment as an input. 
With the biofuel expansion creating greater demand for crops especially biofuel crops, 
land becomes more demanded for crop production as evidenced in the ILUC result.  This 
higher demand in land for cropland causes all land uses become more expensive. 
Nonetheless, the forestry industry has more limitations in adjusting production inputs.  It 
is highly dependent on land input.  Livestock industry, on the other hand, can benefit 
from oil meal, a biofuel by-product, as an input for the animal feeds to adjust their 
production without expanding land.  Consequently, in responding to the market prices of 
outputs, forestry industry needs to do so from extensive production, that is, expanding 
managed forest land.  However, this conversion comes mainly from pasture land because 
pasture land has relatively lower rate of return than other land uses.  In total, the world 
gains 7.75 Mha of cropland along with 0.32 Mha of managed forest; this is due to 
conversion of 8.07 Mha of pasture land.  Although, pasture loses relatively large land 
area, changes in livestock industry are relatively small.  Uses of increased biofuel by-
products, i.e., DDGS and oil meal lessen the impact on this industry. 
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Table 7-14: The Land-Use Impact on the Global Land Allocation due to the EU Biofuels 
Expansion 
Change in Land Allocation (thousand hectares) 
Region Managed Forest Cropland Pasture 
USA               250             668           (918) 
EU27           (1,944)          2,310           (366) 
Brazil               378             496           (874) 
Canada              (553)             752           (199) 
Japan (5) 6               (2) 
CHIHKG               302               41           (344) 
India 14               22             (35) 
C.America               312               44           (357) 
S.America               594             273           (867) 
E.Asia 14                (1)             (13) 
MsiaIndo 21                (3)             (18) 
SE.Asia 47              (10)             (37) 
S.Asia (8)             160           (152) 
Russia            1,060 4        (1,064) 
E.Europe 4             661           (665) 
Oth Europe 14 8             (22) 
ME&N.Afr 5             436           (441) 
SSAfr              (191)          1,591        (1,400) 
Oceania 5             293           (298) 
Total               318          7,751        (8,069) 
Source: Author’s estimates. 
Comparing the global ILUC result with other research on the EU biofuel 
expansion, differences in the area of cropland expansion and also the pattern of land-use 
change are found.  The EU biofuel expansion target in this research, as mentioned, 
adopted from research of Al Riffai et al. [57] is 17.8 Mtoe of total renewable fuel.  In 
their study, global cropland expanded by 0.08 percent.  The regions mostly affected by 
EU biofuel expansion were Brazil, EU, CIS (Commonwealth Independent States), the 
rest of Latin America, and Indonesia-Malaysia.  In the cases of the most affected regions, 
the main sources of cropland conversion were Savannah grassland in Brazil and other 
land in EU [57].  In 2011, Laborde [101] extended this research further with an updated 
version of MIRAGE-Biof model and new first generation biofuel mandate of 27.2 Mtoe 
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(with forecasted 72 to 28 ratio of biodiesel to ethanol).  With additional biofuel target 
from Al-Riffai study, global cropland expanded by additional 1.87 Mha (a total of 3 
Mha).  Table 7-15 presents the summary of key assumptions and major findings of our 
research and research of Al Riffai et al. [57] and Laborde [101]. 
Table 7-15: Comparison of Our research and Research of Al-Riffai et al. [57] and 
Laborde [101] 
In our result, global cropland expansion of 7.75 Mha is approximately 0.5 percent 
of original global cropland, and the most affected regions are EU and Sub-Saharan 
Africa.  There are several factors driving these differences.  First, despite the same total 
renewable fuel target of 17.8 Mtoe; the breakdown-ratio targets of ethanol and biodiesel 
are different.  Their ratio is 55 to 45 of biodiesel to ethanol (only the first-generation 
biofuels), while in our research contains both first and second generation biofuels with 
the ratio of 50 to 25 to 25 of oilseeds biodiesel, ethanol, and miscanthus cellulosic drop-
in fuel (which is biodiesel for the EU).  Second, differences in models and databases.  Al-
Riffai et al. [57] used CGE MIRAGE model with GTAP version 7 database; while we 
uses CGE GTAP model with version 6 database.  GTAP databases versions 6 and 7 
reference 2004 global economy; however, version 7 has several new features differing 
from version 6, i.e. new regions, new trade data, new protection data, and improved 
Our Research Al Riffai et al. (2010) Laborde (2011)
Assumptions
   Biofuel Target 17.8 Mtoe 17.8 Mtoe 27.2 Mtoe
   Bioful Type 1st & 2nd generations Only 1st generation Only 1st generation
   Biodiesel:Ethanol Ratio 75:25 55:45 72:28
   Model & Data
GTAP Model w/ 
GTAP V6 Database




   Cropland sources
Managed forest and 
Pasture
All Types incl. Savannah 
and Unmanaged Land




   Cropland expansion 7.75 Mha 1.13 Mha 3 Mha
  Regions mostly affected
EU, Sub-Saharan 
Africa Brazil, EU, CIS Brazil, EU
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energy data.  Furthermore, GTAP database version 7 was modified to accommodate 
sectoral changes suited to the MIRAGE model.  Thirdly, with respect to sources of 
cropland conversion, MIRAGE model allows all types of land to be converted, i.e. 
pasture, managed forest, Savannah grassland, other land, including primary forest.  On 
the contrary the GTAP model only allows land use switching among managed forest, 
cropland, and pasture.  The land elasticity of transformation parameters between uses are 
expected to be different as well. 
With all of EU biofuels targets, we need to look at the sustainable ILUC practice. 
Table 7-16 presents the additional cropland required as a result of EU biofuel expansion 
together with the sustainable managed forest and pasture land available for conversion to 
cropland of the EU-27.  Overall, the EU requires 2.31 Mha of additional cropland to meet 
the biofuel mandate (1 Mha more than the case of US biofuel expansion).   
Table 7-16: The Impact on the EU Cropland Requirement vs. Potential Sustainable 
















AEZ4 0 -   -   -   
AEZ8 3 -   141 141 
AEZ9 233 7,915                3,944              11,858 
AEZ10                1,266 52,251              22,458              74,709 
AEZ11 550 19,277              15,275              34,552 
AEZ12 76 4,180                5,404                9,584 
AEZ13 0 -   -   -   
AEZ14 6 4,495 104                4,599 
AEZ15 144 35,364 873              36,237 
AEZ16 32 2,218                1,060                3,277 
Total                2,310               125,700              49,259            174,959 
Source: Author’s estimates 
However, there are 175 Mha of sustainable land available for cropland 
conversion; 125.7 Mha comes from managed forest and 49.2 Mha comes from pasture 
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land.  Looking at additional cropland requirement by AEZ, only AEZs 4 and 13 indicate 
greater cropland requirements than available sustainable land.  Nonetheless, additional 
cropland requirements in these AEZs are very small (round up to zero).  In fact, AEZ 4 is 
the zone with a nearly tropical climate, which is a good production area for oilseeds and 
other tropical crops; and the EU imports all of their palm oil from other countries.  AEZ 
13 originally produced wheat and aggregate other agricultural crops.  Alternatively, the 
EU can utilize other AEZs with excess sustainable land to produce crops for biofuel 
production.  In addition to this result, we also include the results for other regions in 
appendix E. 
Table 7-17 presents the global ILUC impact of the EU biofuel expansion.  It lists 
the additional cropland needed in order to meet the EU biofuel target and the available 
sustainable managed forest and pasture for cropland conversion in each AEZ.  The result 
indicates that sustainable land availability is not an issue at the global level.  Due to the 
EU biofuel expansion an addition of 7.75 Mha of cropland is needed globally, while the 
available sustainable land from managed forest and pasture for conversion to cropland is 
3.53 Bha, 1.13 Bha of which is in sustainable managed forest and the rest pasture land. 
Sustainable pasture for cropland conversion is available in every AEZ, but sustainable 
managed forest is available only in AEZs 4-17. 
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Table 7-17: The Impacts on the World Cropland Requirement vs. Potential Sustainable 
















AEZ1 192 -              185,224            185,417 
AEZ2 120 -              103,084            103,204 
AEZ3 208 -              102,389            102,597 
AEZ4 455 54,772            135,645            190,872 
AEZ5 637               106,857            145,978            253,473 
AEZ6 421               126,999              74,484            201,904 
AEZ7 863 6,432            724,377            731,672 
AEZ8 594 23,086            261,135            284,815 
AEZ9 796 80,997            106,046            187,840 
AEZ10                1,794               197,653            105,257            304,704 
AEZ11 715               108,699              66,212            175,626 
AEZ12 340               127,804            106,338            234,482 
AEZ13 195 8,328            135,239            143,762 
AEZ14 24               115,489              76,720            192,234 
AEZ15 349               162,941              48,921            212,211 
AEZ16 47 8,726              11,903              20,676 
AEZ17 0 629 609                1,238 
AEZ18 0 -   61 61 
Total                7,751            1,129,414         2,389,623         3,519,037 
Source: Author’s estimates. 
The pattern of crop harvested area is also an important element in the analysis of 
land-use change.  Apart from other agricultural product, which is an aggregate group of 
several crops, the EU harvested area is originally dominated by coarse grains (mainly 
maize and barley), wheat, and oilseeds respectively (as shown in table 7-18).  The main 
production areas of these crops are AEZs 9, 10 and 11, which are also important cropland 
areas of the EU.  These three crop categories account for over 75 percent of EU harvested 
area. 
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With the EU biofuels expansion, significant changes are found in EU and global cropland 
allocation.  Clearly, the EU biofuel expansion program has substantial impact on EU 
cropland allocation.  Table 7-19 shows the total change of EU cropland by 2.3 Mha; most 
of the changes happen in AEZ 10.  Wheat and oilseeds harvested areas are unsurprisingly 
expanded significantly by 1.54 and 0.93 Mha respectively.  The change in harvested area 
by 0.96 Mha of miscanthus is quite significant compared to other biomass used to 
produce other biofuels.  This miscanthus harvested area expansion is due to the 
miscanthus drop-in fuel target.  Coarse grains are mostly impacted by the EU ethanol 
expansion.  With no cropland-pasture in the EU, additional demands for cropland from 
food crops and energy crops need to be met by cropland expansion from managed forest 
and pasture.  As cropland in the EU is dedicated to certain feedstock crops to achieve the 
biofuels targets, the EU demands for other crops are replaced elsewhere.  Wheat and 
oilseeds expansion are heavily influenced by the EU biofuel targets.  Globally, wheat 
gains area of about 4 Mha.  Besides the EU, wheat expands the most in the US and 
Canada.  Oilseed harvested area also grows by over 4 Mha with large expansion in 
Brazil. 
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Table 7-18: The EU Harvested Areas in 2004 
Original Harvested Area (thousand hectares) 
Paddy Rice Wheat Coarse Grains Oilseeds Sugar Crops Oth Agri 
AEZ4 0               2  1               8 0               2 
AEZ8 3            235 340           286 3            273 
AEZ9               79         3,340              4,809         2,553 91         4,314 
AEZ10             105        14,152            20,202         7,533             1,171        20,112 
AEZ11             241         7,643              6,490         3,142                898        11,459 
AEZ12 0            946              1,119           270 42         1,738 
AEZ13               -                 0  0               0 0               0 
AEZ14 1               3 10               1 1              39 
AEZ15 2            185 723             59 24            624 
AEZ16 1              70 153             34 2            197 
Total             432        26,576            33,846       13,886             2,231        38,758 
Source: GTAP data base. 
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Table 7-19: The Land-Use Impact on the EU Cropland Allocation due to the EU Biofuels Expansion 







Oth Agri Miscanthus Total
AEZ4 (0) 0           (0) 0           0 (0)          0                0 
AEZ8 (0) 6           (20) 10         0 (11)        18              3 
AEZ9 (4) 170       (166) 156       3 (67)        141            233              
AEZ10 (5) 842       (541) 526       54 (154)      544            1,266           
AEZ11 (12) 423       (199) 206       37 (133)      227            550              
AEZ12 (0) 63         (23) 21         2 (3)          16              76                
AEZ13 -         0           0             0           0 0           -            0 
AEZ14 0             0           1             0           0 4           1                6 
AEZ15 0             29         43           10         3 50         9                144              
AEZ16 0             9           5             5           0 10         3                32                
Total (22) 1,541    (899) 934       100 (303)      959            3,269           
Change in Harvested Area (thousand hectares)
96 
97 
With regard to the EU biofuels expansion on impact of commodity outputs, it has 
negative impact on all land-using outputs in the EU except wheat, oilseeds, and crude 
vegetable oil.  Table 7-20 captures a brief picture of this impact.  Only wheat and oilseeds 
of all crops show growth in outputs.  These are important biomass for ethanol and 
biodiesel production; hence we can conclude that output growth of wheat and oilseeds is 
driven by the EU biofuel expansion.  The EU livestock industry is slightly impacted 
which is evidenced by slight drops in outputs of dairy, ruminant, and non-ruminant 
meats.  Crude vegetable oil along with oil meal outputs rise by 50 percent despite only 
one percent increase in oilseeds output.  Oilseed imports play the major role in the 
vegetable oil consumption in the EU.  The important oilseed trade partners of the EU are 
Brazil and Canada.  Oilseed imports from these countries to the EU increase by nearly 20 
percent.  With respect to oil meal, expanded output also lessens the impact of biofuel 
expansion in the livestock sector through its use as feedstock material. 
The increase of over 1000 percent of DDGS, a by-product of ethanol production, 
is not significant considering it is an increase from a very small base.  EU imports a 
significant level of coarse grains.  Forestry products fall by over 4 percent, which is 
worth mentioning, considering the importance of the EU forestry industry to the world. 
With the ILUC result in the EU, cropland conversion from managed forest is evidenced. 
Hence, a drop in forestry output is caused by a reduction of managed forest area. 
The EU biofuel expansion not only affects the EU economy, but also the rest of 
the world.  In fact, the EU biofuel expansion impacts negatively overall global outputs 
except wheat and oilseeds.  Overall, wheat and oilseeds outputs grow in all regions 
except wheat in South America and oilseeds in non-EU27 countries (which are a 
relatively small portion compared to the global production).  Note that the change in 
output result needs to be read together with the original crop harvested area (base data).   
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Table 7-20: The Impact on the Regional Production Outputs due the EU Biofuels Expansion (in percentage change) 





























































































USA 0.60 3.35 1.35 1.66 -0.01 0.77 -0.1 0.11 -0.07 -0.59 1.51 1.52 0.05 0.03 0.00 0.32
EU27 -9.27 0.35 -7.73 1.21 -0.68 -5.62 -0.8 -1.1 -0.39 1567.86 50.83 50.96 -0.59 -0.45 -0.56 -4.60
Brazil -0.37 4.50 -0.08 5.93 -1.32 0.77 -0 -0.5 -0.62 -3.24 8.16 8.19 -2.15 -0.24 -0.40 -0.74
Canada 3.95 5.58 1.56 2.43 -0.02 0.95 -0.2 0.25 0.24 -2.04 1.32 1.33 -0.03 0.32 0.16 0.03
Japan -0.05 3.77 1.07 0.83 -0.02 0.40 -0 0.27 0.09 -0.51 0.67 0.68 0.02 0.01 -0.03 0.13
CHIHKG -0.12 0.93 0.24 1.20 -0.03 0.38 -0.1 0.11 -0.04 -1.10 4.80 4.79 0.55 -0.18 -0.05 0.49
India 0.20 0.45 0.00 0.57 -0.09 0.58 -0.2 0.18 -0.03 -1.30 7.80 7.81 0.71 -0.02 -0.09 0.37
C.America -0.37 6.15 -0.51 2.22 -0.17 1.58 -0.4 -0.2 -0.05 -3.33 3.50 3.51 0.20 -0.37 -0.04 1.18
S.America -0.49 -0.36 0.08 3.71 -0.22 1.48 -0.4 -0.5 -0.29 -3.24 7.82 7.84 -0.37 -0.37 -0.09 0.50
E.Asia 0.04 1.41 0.70 0.09 0.09 0.50 -0 0.14 -0.07 -7.41 0.95 0.96 -0.69 -0.04 0.04 0.98
MsiaIndo -0.28 11.13 -0.06 1.94 -0.01 0.65 -0.4 -0.3 0.07 -4.40 4.97 4.98 -0.25 -0.26 -0.10 0.74
SE.Asia -0.31 8.34 0.04 0.32 0.06 1.35 0.28 -0.2 -0.02 -5.48 5.67 5.68 -0.28 -0.39 0.06 0.91
S.Asia 0.12 0.92 0.08 1.30 -0.04 0.81 -0.2 -0 -0.08 -0.94 -0.22 -0.21 -0.06 -0.23 -0.03 0.33
Russia -0.52 2.18 -0.15 1.54 -0.23 0.49 -0.5 -0.2 -0.2 -2.43 3.87 3.87 0.22 -0.55 -0.23 2.73
E.Europe 0.47 1.48 0.16 2.12 -0.13 1.35 -0.2 0.04 -0.17 -1.91 5.69 5.68 0.62 -0.16 -0.23 0.85
Oth Europe 10.54 1.36 0.48 -0.46 -0.01 1.83 -0.1 -0.1 -0.44 -0.51 13.14 13.16 -4.17 0.79 -0.07 2.23
ME&N.Afr -1.06 1.86 0.06 3.13 -0.17 1.27 -0.4 0.04 -0.24 -4.24 19.58 19.61 0.57 -0.59 -0.29 -0.39
SSAfr -1.37 2.45 -0.16 0.50 0.10 2.32 -0.2 0.07 -0.08 -1.68 3.64 3.66 -0.18 -0.08 -0.14 -0.19
Oceania 0.30 1.46 0.01 1.73 0.24 1.57 -0.1 0.82 0.5 -0.70 7.82 7.83 0.54 0.23 0.14 0.42





For instance, the result shows significant increase in the wheat output of Malaysia-
Indonesia.  However, percentage changes are often misleading in CGE models, and this is 
a good example.  There is little wheat grown in these countries, so a large percentage 
change has no meaning. 
In terms of global crop outputs, global oilseeds output rises by 2 percent, and 
global wheat output also rises by 1.4 percent (using the actual global output result from 
simulation).  The increases in these outputs come from various increases in oilseeds and 
wheat production of other regions, which are driven by EU biofuel targets.  Brazil, 
Malaysia-Indonesia, and the US, the major oilseeds producing regions have oilseed 
outputs increasing by 6, 2, and 1.7 percent respectively.  With respect to wheat, the major 
producers are India, China-Hong Kong, Eastern Europe, and the US.  Their outputs 
increase by 0.5, 0.9, 1.5, and 3.3 percent respectively.  Livestock outputs generally drop 
across all regions, while mixed results are found in other products. 
 Output prices, by and large, increase across all regions for all traditional crops, 
livestock industry, and forestry.  For the EU, significant output price increases are found 
in forestry, coarse grains, aggregate other agricultural crops, wheat, sugar crops, and 
oilseeds.  The impact on output prices due to the EU biofuel expansion is demonstrated 
by table 7-21.  An increase in forestry output price is driven by the higher input cost from 
scarcity of forest land due to land-use competition.  Shrinkage in pasture land also 
contributes to the rise in livestock industry as pasture land becomes scarcer causing 
livestock to become more expensive. 
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Table 7-21: The Impact on Regional Output Prices of Major Commodities due to the EU Biofuels Expansion 





























































































USA 2.48 3.10 2.32 2.93 3.06 2.74 0.67 0.70 0.32 4.61 1.80 3.72 0.63 -0.02 -0.03 3.65
EU27 5.98 9.37 10.22 9.07 9.23 9.75 3.90 3.38 0.93 -8.12 -8.02 10.10 0.97 0.54 0.68 15.87
Brazil 3.86 3.70 3.53 4.12 2.95 4.06 1.80 1.74 0.51 3.64 0.07 5.17 2.08 1.03 0.69 8.16
Canada 1.10 3.50 2.02 2.80 3.28 2.69 1.04 1.05 0.33 1.21 1.17 3.30 0.74 -0.06 -0.11 3.84
Japan 0.76 1.26 0.92 1.07 0.76 0.78 0.43 0.41 0.06 1.84 1.40 2.79 0.39 -0.09 -0.17 2.86
CHIHKG 1.12 0.96 1.03 1.35 0.98 1.27 0.79 0.76 0.11 1.06 0.83 -0.42 0.37 0.32 -0.11 2.30
India 1.84 1.24 1.44 2.01 1.52 1.78 1.35 1.13 0.10 1.56 0.90 2.41 0.21 0.10 0.39 2.61
C.America 2.49 2.56 2.91 2.69 2.80 3.15 1.94 1.20 0.16 -7.92 1.34 3.48 0.19 0.54 0.12 4.91
S.America 4.07 3.59 3.67 4.44 3.68 4.70 2.16 1.98 0.97 -0.79 0.96 5.14 0.93 0.60 0.50 6.40
E.Asia 1.06 1.33 0.96 1.39 0.58 1.30 0.60 0.61 0.28 -8.75 1.53 2.76 1.21 0.16 -0.11 2.69
MsiaIndo 2.09 1.90 2.10 2.52 2.09 2.49 1.28 1.19 0.12 -8.27 0.94 2.64 0.87 0.41 0.21 3.17
SE.Asia 1.99 0.49 2.04 2.48 1.81 2.71 1.23 1.44 0.16 -3.44 0.66 2.36 0.83 0.38 0.02 3.78
S.Asia 1.25 1.39 1.22 1.71 1.44 1.77 0.69 0.67 0.17 1.37 1.43 2.99 0.66 0.45 0.09 1.23
Russia 1.79 2.70 1.93 2.44 1.81 1.97 1.12 1.11 0.76 2.02 1.06 1.46 0.49 0.55 0.38 5.88
E.Europe 1.89 2.68 2.78 3.83 2.26 2.99 1.91 1.54 0.79 2.90 3.17 1.92 0.50 0.45 0.60 7.92
Oth Europe -0.10 4.18 3.36 3.49 3.42 4.20 1.80 1.96 0.90 5.12 0.67 4.44 2.14 -0.12 0.21 8.65
ME&N.Afr 2.67 2.64 2.05 2.94 1.93 2.90 1.22 1.28 0.47 -7.09 -0.90 3.78 0.60 0.68 0.34 7.95
SSAfr 3.17 2.79 2.90 3.50 2.20 3.63 1.38 1.26 0.29 0.55 0.70 4.03 0.81 0.34 0.47 7.36
Oceania 2.28 3.05 2.64 3.08 2.44 2.70 0.77 0.90 0.01 2.64 0.01 1.03 0.40 -0.02 0.07 3.58





EU crude vegetable oils are worth noting, despite a significant increase in output (in table 
7-20), the increase in oilseed price is substantial.  This indicates a strong demand and 
high competition.  Crude vegetable oils are used in many industries e.g. food industry, 
biochemical industry, and now biofuel industry.  Inevitably, EU output prices increase 
the most in comparison with other regions.  South America shows price increases in most 
commodities including traditional crops, livestock, crude vegetable oil and forestry.   The 
global output prices also increase by significant percentages, especially forest products 
despite of the overall expansion of managed forest. 
Table 7-22 contains the results of the welfare impacts due to EU biofuels 
expansion.  Clearly, EU biofuels expansion impacts not only the EU, but also other 
regions.  The negative equivalent variation of the EU by 29 billion US dollars indicates 
the EU welfare loss.  Several other regions suffer welfare loss as well.  The loss of EU is 
driven heavily by the re-allocation of resources to produce biofuels.  This also causes the 
inputs for other commodity production to become scarcer and more costly which results 
in higher prices of these commodities. As the EU output prices increase, the same amount 
of money can afford much less of goods demanded.  Part of the EU demand for these 
commodities is filled by imports from other regions.  These imports give unfavorable or 
negative terms of trade effects in addition to the negative contribution of allocative effect 
to overall EU welfare.  On the other hand, other regions facing welfare loss are due to the 
terms of trade (TOT) effect.  These regions include Middle East and North Africa, China-
Hong Kong, Russia, and non-EU countries. 
Regions with welfare gains are the US, Brazil, and South America; which are due 
to larger positive terms of trade effect than the negative allocative effect.  Their positive 
terms of trade effects come from exports of crops and products that the EU has given up 
for the biofuels production purpose.  The US is a very clear example in the case of wheat. 
Wheat production of the US increases by 60 percent from the base of 58 million metric 
tons.  US wheat export sales to the EU increases by 46 percent. 
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Table 7-22: The Welfare Impacts – Equivalent Variation Measure (in Million US 
Dollars) due to the EU Biofuels Expansion 
Aggregate Contribution Contribution 
Region Welfare of Allocative of TOT 
Effects Effects Effects 
USA              1,650                (126)                1,776 
EU27          (29,316)           (27,749)               (1,566) 
Brazil 955 78 877 
Canada 57 (40) 97 
Japan               (395)                (116) (279) 
CHIHKG               (528)                (172) (356) 
India 91                (138) 229 
C.America               (215)                (266) 51 
S.America 902 53 848 
E.Asia               (129) (5) (125) 
MsiaIndo 277 148 129 
SE.Asia 183 (8) 191 
S.Asia (60) (10) (50) 
Russia               (897)                (329) (568) 
E.Europe 181 (27) 208 
Oth Europe               (520) (76) (444) 
ME&N.Afr            (1,891)                (131)               (1,761) 
SSAfr 335 13 322 
Oceania 435 22 413 
Total          (28,886)           (28,885) (1) 
Source: Author’s estimates. 
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7.2.3 The US-EU Biofuels Expansion 
The US-EU biofuels expansion is the aggregation of the biofuels targets for these 
two regions.  Thus, the impacts resulting from the biofuels expansion are aggregate 
impacts locally and globally.  The combined biofuels targets of the US and EU are 15 BG 
corn ethanol, 2.328 BG wheat ethanol, 3.962 BG biodiesel, 18.328 BG of cellulosic 
biofuels (combining all miscanthus, switchgrass and stover drop-in fuels).  The 
sustainability analysis follows both the US RFS and EU Directive 2009/28 sustainability 
criteria.  That is, restrictions for all the land under the US border follow the US RFS 
sustainability criteria, and restrictions for other land (the land of the rest of the world) 
follow the EU Directive 2009/28. 
The impacts of the US-EU biofuels expansion on land-use by AEZ is summarized 
in table 7-23.  The table describes the changes in US, EU, and global (including US and 
EU) land cover due to the aggregated US and EU biofuel targets.  Globally, cropland 
expands by 10.8 Mha, most of which comes from pasture land.  AEZs with the highest 
changes are AEZs 10, 7, 5, and 8 respectively.  AEZ 10 is unique from other AEZs in that 
the majority of cropland expansion comes from managed forest.  In fact, 1.4 Mha of 
global managed forest in AEZ 10 is converted into cropland; 1.12 Mha of which comes 
from the EU.  Clearly, the changes in land allocation of the US and the EU significantly 
contribute to the change in the global land allocation.  For the US, there is a total of 1.8 
Mha of cropland expansion with 1.1 Mha coming from pasture, and 0.7 Mha from 
managed forest.  This US cropland expansion is higher than in the case of only the US 
biofuel expansion.  The land allocation is also different.  In the US biofuel expansion, 
most of cropland conversion comes from managed forest.  Comparing to the result in 
table 7-5, it is found that the main driver for this difference is caused by cropland 
conversion from pasture in AEZs 7, 8, and 10.  AEZs 7 and 8 have approximately 50 
percent of original land for pasture.  When more cropland is required in these AEZs, 
pasture is the place where conversion happens.  We further found that the conversion of 
pasture to cropland in AEZ 7 is a conversion to all crops except wheat.   
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Table 7-23: The Land-Use Impact on the US, EU and the Global Land Allocation due to the US-EU Biofuel Expansion 
Change in Land Allocation (in thousand hectares) 
AEZ US EU World (incl. US & EU) 
Forest Crop Pasture Forest Crop Pasture Forest Crop Pasture 
AEZ1           -             -             -               -              -             -               7         247       (254) 
AEZ2           -             -             -               -              -             -             16         156       (172) 
AEZ3           -             -             -               -              -             -             44         276       (320) 
AEZ4           -             -             -               -               0           (0)         150         607        (758) 
AEZ5           -             -             -               -              -             -           310         841     (1,151) 
AEZ6           -             -             -               -              -             -           309         572        (881) 
AEZ7         (13)         671       (657)             -              -             -             27      1,405     (1,432) 
AEZ8         (40)         272       (232)             -               3           (3)         106         898     (1,004) 
AEZ9           (7)           21         (14)         (195)         243         (48)       (164)      1,039       (875) 
AEZ10       (308)         427       (119)      (1,120)      1,319       (199)    (1,396)      2,340       (944) 
AEZ11       (191)         257         (66)         (425)         575       (150)       (522)         998       (476) 
AEZ12         (83)         101         (19)           (59)           80         (21)           53         540       (593) 
AEZ13         (12)           32         (20)             -               0           (0)           25         269       (294) 
AEZ14         (14)           18           (4)             (8)             6             1         332           59       (390) 
AEZ15           (1)             1           (0)         (158)         151             7         207         465       (673) 
AEZ16           (0)             0           (0)           (33)           33           (0)         (12)           56         (44) 
AEZ17           -             -             -               -              -             -               5             0           (5) 
AEZ18           -             -              -                -              -             -             -               0           (0) 
Total       (669)      1,800     (1,131)      (1,998)      2,411       (414)       (501)    10,767   (10,266) 
Source: Author’s estimates. 
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Coarse grains, miscanthus, and switchgrass are those that benefit the most from this 
cropland conversion. 
With respect to the EU, cropland expands by 2.4 Mha, slightly higher than in the 
case of the EU biofuel expansion.  This 2.4 Mha of cropland comes from 2 Mha of 
managed forest and 0.4 Mha of pasture.  Cropland conversion in the EU happens 
substantially in AEZs 10 and 11, the two AEZs with the maximum land cover.  AEZs 10 
and 11 are important cropland for aggregate other agricultural crops, coarse grains, 
wheat, and sugar crops.  With the biofuel expansion, we found a significant increase in 
harvested areas of wheat, coarse grains, sugar crops and also miscanthus.  In comparison 
between the US and the EU, the EU is impacted by the biofuel expansion more than the 
US due to more productivity of the US crop production particularly in coarse grains and 
oilseeds.  In addition, EU is driven by its higher biodiesel target.  Biodiesel production 
requires more land than ethanol does (which is the biggest US biofuel target).  The other 
important contributor to this EU ILUC is that our model does not represent cropland-
pasture in the EU; thus, miscanthus is grown in competition with other traditional crops. 
Table 7-24 presents the comparison of global ILUC due to the aggregate US-EU 
biofuel expansion by AEZ (left panel), and the sum of the global ILUC due to US biofuel 
expansion and EU biofuel expansion (right panel).  The aggregate US-EU biofuel 
expansion has a slightly lower ILUC impact than the sum of the US and EU biofuel 
expansions, 10.8 Mha vs. 11.1 Mha of cropland expansion.  The reason for this is the 
interaction of the US and EU biofuel targets in the aggregate expansion case leading to 
intensification of production.  Aggregate biofuel targets (in one shock) act as a force to 
maximize non-land resources without area expansion to produce more crops, which is, 
increasing the yield without increasing the area.  With land scarcity, crop production can 
be improved through non-land producing factors.  Improving non-land producing factors 
lead to higher cost in production and henceforth higher output prices.  The change in 
yield results confirms this.  Yields of important crops e.g. oilseeds, coarse grains, wheat, 
and miscanthus improve more in the case of the aggregate biofuel expansion than in the 
case of individual biofuel expansion.  Output prices of traditional crops and other 
commodities of the aggregate biofuel expansion increase.  One might expect the 
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Table 7-24: Comparison of Global Land-Use Impacts due to the Combined US-EU Expansion vs. the Sum of US & EU Biofuel 
Expansions by AEZ 
Change in World Land Allocation (in thousand hectares) 
AEZ Combined US-EU Biofuel Shock Sum of US & EU Biofuel Shocks 
Managed Forest Cropland Pasture Managed Forest Cropland Pasture 
AEZ1 7            247          (254) 7          249           (256) 
AEZ2 16            156          (172) 16          157           (174) 
AEZ3 44            276          (320) 47          275           (322) 
AEZ4                150            607          (758)               159          603           (763) 
AEZ5                310            841       (1,151)               316          846        (1,163) 
AEZ6                309            572          (881)               318          566           (884) 
AEZ7 27         1,405       (1,432) 44       1,491        (1,535) 
AEZ8                106            898       (1,004)               131          938        (1,069) 
AEZ9              (164)         1,039          (875)             (167)       1,059           (891) 
AEZ10           (1,396)         2,340          (944)          (1,404)       2,431        (1,027) 
AEZ11              (522)            998          (476)             (506)       1,038           (532) 
AEZ12 53            540          (593) 75          553           (628) 
AEZ13 25            269          (294) 44          270           (314) 
AEZ14                332              59          (390)               346            55           (400) 
AEZ15                207            465          (673)               198          473           (672) 
AEZ16                (12)              56            (44)               (13)            57             (44) 
AEZ17 5                0              (5) 5              0               (5) 
AEZ18 -                  0               (0) -                0               (0) 
Total              (501)       10,767      (10,266)             (384)     11,063      (10,681) 
Source: Author’s estimates. 
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aggregate land required for the combined shock would be higher because more marginal 
land with lower yields would be required. However, in this case, the model chooses the 
intensive margin instead of the extensive margin. 
Turning to the global ILUC impacts by regions, the US and EU are significantly 
impacted by the aggregate US-EU biofuel expansion as depicted in table 7-25.  Other 
regions who face significant ILUC impacts are Sub-Saharan Africa, Russia, Brazil, and 
Canada.  Biofuel targets induce a higher return on cropland, which in turn encourages 
cropland conversion from other land uses.  As more cropland is needed, the more 
abundant land use is likely to be converted to cropland.  Only in the EU and Canada are 
ILUC impacts largely caused by the loss of managed forest for cropland conversion.  The 
others are largely caused by the loss of pasture to cropland.  For the EU, the reason is that 
it has more of managed forest available, whilst the reason for Canada is driven by much 
lower prices of forest products compared to other products using pasture land as primary 
endowment.  The loss of managed forest for other land use in one region can be replaced 
by the expansion in other regions in the GTAP model.  With similarity in the managed 
forest land allocation (to different AEZs) and similar climate to the EU, Russia is a 
promising region for managed forest to expand.  An increase in forest output of Russia by 
3.4 percent occurs. 
South American land cover spans across all 18 AEZs, they are the most probable 
places for forest expansion, especially when coupled with more benefit gaining from 
higher value of managed forest compared to pasture.  Cropland expansion in Brazil can 
be explained by its role as an important sugarcane and oilseeds producer.  With biofuel 
expansion, Brazil not only produces additional oilseeds demanded for biofuel production 
but also maintains existing demand for sugar cane.  With this, Brazil pasture is converted 
to higher-demand land uses (cropland and managed forest). 
Canada cannot easily avoid the impact from the US-EU biofuel expansion as an 
important trading partner of the US for many crops and commodities.  Canada takes over 
part of the crop production that the US sacrifices for biofuel production. 
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Table 7-25: Comparison of Global Land-Use Impacts due to the Combined US-EU Expansion vs. the Sum of US & EU Biofuel 
Expansions by Region (in thousand hectares) 
Region Combined US-EU Biofuel Shock Sum of US & EU Biofuel Shocks 
Managed Forest Cropland Pasture Managed Forest Cropland Pasture 
USA             (669)         1,801      (1,131)            (475)         1,977        (1,501) 
EU27          (1,998)         2,411         (414)         (2,091)         2,536           (445) 
Brazil               453            642      (1,095)              445            661        (1,106) 
Canada             (786)         1,065         (279)            (813)         1,107           (294) 
Japan               (10)              12             (2)                (9)              12               (2) 
CHIHKG               352            135         (487)              345            122           (466) 
India 1              46           (47) 5              39             (44) 
C.America               363              82         (446)              369              81           (450) 
S.America               722            388      (1,110)              721            396        (1,117) 
E.Asia 20                1           (21)                20                0             (20) 
MsiaIndo 20                6           (26)                22                3             (25) 
SE.Asia 50              (4)           (47)                51              (6)             (46) 
S.Asia               (12)            215         (202)              (11)            202           (191) 
Russia            1,326              36      (1,361)           1,338              18        (1,356) 
E.Europe               (44)            858         (814)              (34)            840           (806) 
Oth Europe 14              11           (24)                14              10             (24) 
ME&N.Afr 4            572         (576) 5            577           (582) 
SSAfr             (310)         2,060      (1,750)            (287)         2,053        (1,768) 
Oceania 4            430         (434) 4            435           (439) 
Total             (501)       10,767     (10,266)            (384)       11,063      (10,681) 
Source: Authors’s estimates. 
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Comparing the ILUC impact results of the aggregate US-EU biofuel expansion 
vs. the sum of the US and EU biofuel expansions by region (right panel of table 7-25), 
the changes in land allocation patterns are similar (same sources of cropland conversion 
for both cases).  Moreover, those regions being highly impacted by the aggregate biofuel 
targets are still the ones impacted in the summation of ILUC of individual biofuel 
expansions. 
Comparing our result with previous research, we found a research of Taheripour 
et al. [69] studied the implications of biofuel boom on livestock industry in 2010 which 
has had US and EU mandate impacts on land-use.  In their study (experiment d), global 
cropland expansion was 11.8 Mha, and managed forest accounted for 2.7 Mha and 
pasture for 9.1 Mha.  For the US, cropland expanded by 1.2 Mha, while EU cropland 
expanded by 2.45 Mha [69].  The major sources of US and EU cropland conversion are 
pasture land (0.75 Mha) and managed forest (1.8 Mha) respectively.  The ILUC of the US 
and EU results are in line with our result.  However, the great difference lies in the global 
ILUC.  Despite the similar global cropland expansion, sources of cropland conversion are 
quite different. In their study, cropland comes from pasture and managed forest at the 
ratio of 77 to 13 percent.  In our result, 95 percent of cropland expansion is from pasture. 
There are several differences between their research and ours.  First, the Taheripour 
targets were only the first generation biofuels of approximately 13.78-BG US ethanol, 
2.4-BG of EU ethanol, 0.71-BG of US biodiesel and 8.2-BG of EU biodiesel.  Their 
ethanol targets are somewhat comparable to our targets, but the great difference in 
biodiesel targets and an absence of second generation biofuel targets are likely causes of 
the differences in land use result.  Despite using a similar GTAP-BIO model, differences 
in the land elasticity of transformation parameters governing the land-use allocation and 
cropland allocation could also be another factor. 
With these ambitious targets combined between the US and the EU and also their 
goal of sustainable practice on land-use, we need to look at the sustainable land result. 
Instead of looking at individual country (region) like the two previous result sections, we 
will be looking at the aggregate global result from this point onward.  The sustainable 
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land practice is to follow the US RFS for all the land within the US border, while the rest 
of the world will be constrained by the EU Directive 2009/28. 
The world will need an additional of 10.8 Mha of cropland to achieve the US-EU 
biofuels targets from the original cropland of 1.5 Bha.  As all of the original cropland is 
already allocated to different crops, the additional cropland needed has to be converted 
from other land uses.  Nonetheless, the sustainability criteria of the US RFS and EU 
Directive constrain the types of land that can be converted into biomass cropland to only 
the sustainable managed forest and sustainable pasture land.  Combining the result from 
the policy analysis with the sustainable result, there are total of 3.36 Bha of potentially 
sustainable managed forest and pasture land to be converted into potential land for 
biomass production.  Table 7-26 lists additional cropland needed and sustainable 
managed forest, and sustainable pasture land available for cropland conversion by AEZ. 
Most of the additional cropland requirement is in AEZs 7 -11.  These AEZs are not only 
the most important cropland of the world but are also important cropland of the US and 
the EU.  Availability of sustainable pasture land for cropland conversion is twice as much 
of sustainable managed forest.  No sustainable managed forest is available in extreme 
climate (AEZs 1, 2, 3, 17, and 18), whilst sustainable pasture land is available across all 
AEZs. 
Nonetheless, this additional global cropland requirement for the US-EU biofuel 
expansion (10.8 Mha) cannot be directly compared with the sum of additional global 
cropland requirement from US (3.31 Mha) and EU (7.75 Mha) biofuel expansions.  For 
the EU biofuel expansion, since there is no US biofuel mandate involved, only the EU 
sustainability criteria are used to constrain the land-use types for cropland conversion. 
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Table 7-26: The Impact on the Global Cropland Requirement vs. Potential Sustainable 
Managed Forest and Pasture Land for Conversion due to the US-EU Biofuels Expansion 














AEZ1 247 -               185,224              185,224 
AEZ2 156 -               103,084              103,084 
AEZ3 276 -               102,389              102,389 
AEZ4 607              54,772             135,645              190,417 
AEZ5 841            106,857             145,978              252,835 
AEZ6 572            126,999               74,484              201,483 
AEZ7               1,405                3,664             649,392              653,056 
AEZ8 898              17,242             249,606              266,848 
AEZ9               1,039              78,387             104,995              183,382 
AEZ10               2,340            185,988             103,255              289,244 
AEZ11 998            106,875               64,563              171,438 
AEZ12 540            118,759             106,142              224,902 
AEZ13 269                4,595             130,799              135,394 
AEZ14 59            100,870               75,215              176,085 
AEZ15 465            153,011               48,874              201,885 
AEZ16 56                7,608               11,902                19,510 
AEZ17 0 -   609 1,238 
AEZ18 0 -   61 61 
Total             10,767         1,065,629          2,292,217           3,358,476 
Source: Author’s estimates. 
Tables 7-27 and 7-28 are used to capture the global harvested area in 2004 and 
change in global harvested area after the US-EU biofuel expansion, which also includes 
cropland-pasture.  Overall, all traditional crops used for biofuel production also gain 
more harvested area.  The pattern of regional cropland allocation reflects the biofuel 
mandate very well.  Cropland is dominated by coarse grains in the US and by wheat and 
oilseeds in the EU.  The effect of US-EU biofuel expansion on coarse grains, wheat, and 
oilseeds acreage also spreads to other regions.  The aggregate biodiesel from oilseeds 
target of 3.962 BG causes oilseeds cropland expansion by nearly 4.8 Mha globally. 
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Oilseeds harvested area expands the greatest among traditional crops of 4.8 Bha. 
Significant expansion takes place in Brazil and EU.  Malaysia-Indonesia shows small 
oilseeds (palm oil) area expansion.  The US becomes more specialized in corn production 
despite already being a dominant player in world corn production; US corn area expands 
by 6 Mha – the main driver of global coarse grains expansion. 
With regard to wheat, expansion occurs in EU27 by 1.7 Mha, while US wheat 
area is given up to other crops.  The significant increase in harvested areas of coarse 
grains in the US, and in wheat of the EU indicates that their growth is driven by the 
biofuel targets of each country.  As the US and the EU become specialized in the crops 
used for biofuels production, their harvested areas for other traditional crops diminish.  
This is also caused by the expansion of dedicated energy crops.  This brings us to look at 
changes in trade, and we learn that the US and EU imports of all traditional crops from 
other regions have increased considerably as well as other commodities.  All of these are 
driven by the demand of US and EU first generation biofuel targets, which are made from 
corn, wheat, soybean, and rapeseed. 
Miscanthus and switchgrass, biofuel feedstock for cellulosic drop-in fuels also 
show expansion of their crop area in cropland.  The US-EU biofuel expansion not only 
impacts the pattern of harvested cropland, but it also impacts the cropland-pasture of the 
US and Brazil.  The total cropland conversion from cropland-pasture is 9.4 Mha, which is 
nearly 20 percent of total cropland-pasture. 
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Table 7-27: The World Harvested Areas in 2004 (in thousand hectares) 
Source: GTAP data base. 
Region Paddy Rice Wheat Coarse grains Oilseeds Sugar Crops Oth Agri Total
USA 1,346        20,222   35,213 31,837    908 38,464   127,990     
EU27 432           26,576   33,846 13,886    2,231 38,758   115,729     
Brazil 3,733        2,807     13,879 22,268    5,632 14,510   62,830       
Canada - 9,389     6,773 6,902      14 10,435   33,514       
Japan 1,701        213        105 147         91 1,929     4,185         
CHIHKG 28,616      21,626   29,371 24,224    1,583 55,420   160,840     
India 41,907      26,595   29,304 27,534    3,938 57,521   186,799     
C.America 699           524        12,339 1,088      1,953 10,084   26,687       
S.America 2,134        7,357     7,618 20,320    1,235 17,921   56,585       
E.Asia 1,584        242        706 446         -              1,874     4,852         
MsiaIndo 12,604      -         3,381 11,007    432 8,575     35,999       
SE.Asia 30,978      96          5,529 7,875      1,966 13,719   60,163       
S.Asia 15,261      11,414   3,587 2,202      1,343 9,905     43,712       
Russia 125           22,920   17,449 5,671      790 34,274   81,229       
E.Europe 309           32,249   21,161 7,133      1,293 32,853   94,998       
Oth Europe - 171        311 31           19 628        1,160         
ME&N.Afr 1,350        18,081   10,652 4,189      513 15,148   49,933       
SSAfr 7,660        2,917     72,255 21,595    1,243 70,123   175,792     
Oceania 67             13,438   6,889 1,815      456 19,515   42,181       
Total 150,504    216,838 310,366 210,170  25,640 451,657 1,365,175  
World Harvested Area in 2004 (in thousand hectares)
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Table 7-28: The Land-Use Impact on the Global Cropland Allocation due to the US-EU Biofuel Expansion 
Source: Author’s estimates. 
Region Paddy Rice Wheat Coarse grains Oilseeds Sugar Crops Oth Agri Miscanthus Switchgrass Pasturecrop Total
USA -81 -699 6,113 25 -23 -1,400 1,838 3,507 -7,479 1,801
EU27 -17 1,679 -1,169 1,154 97 -291 959 0 0 2,411
Brazil 18 141 230 1,999 -111 313 0 0 -1,947 642
Canada 0 491 48 377 0 150 0 0 0 1,065
Japan -9 12 5 1 0 3 0 0 0 12
CHIHKG -246 172 59 311 -11 -151 0 0 0 135
India -127 81 -91 58 -24 149 0 0 0 46
C.America 3 33 -156 81 -20 141 0 0 0 82
S.America -35 -156 -61 754 -19 -94 0 0 0 388
E.Asia -11 3 13 -2 0 -2 0 0 0 1
MsiaIndo -178 0 -38 253 -5 -26 0 0 0 6
SE.Asia -241 14 22 36 -4 169 0 0 0 -4
S.Asia -26 138 7 30 -4 70 0 0 0 215
Russia -2 401 -218 81 -11 -216 0 0 0 36
E.Europe 4 410 -22 199 -9 277 0 0 0 858
Oth Europe 0 1 3 0 0 7 0 0 0 11
ME&N.Afr -27 369 21 128 -5 85 0 0 0 572
SSAfr -100 145 -93 336 3 1,770 0 0 0 2,060
Oceania 0 138 128 40 -3 127 0 0 0 430
Total -1,073 3,373 4,799 5,861 -149 1,080 2,797 3,507 -9,426 10,768
Change in Crop Harvested Area (in thousand hectares)
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The aggregate US and EU biofuel targets influence the changes in outputs for 
many commodities in many regions as shown in table 7-29.  For traditional crops, paddy 
rice and sugar crops show overall drop in most regions.  Increases in paddy rice outputs 
of Canada and non-EU countries are meaningless when little or no initial paddy rice 
production exist in these regions.  However, a decline in Brazil sugar cane of 3.46 percent 
is highly significant considering the important role of Brazil as the world’s leading sugar-
cane producer.  This translates into a 14.4 million metric ton reduction.  Despite being an 
important crop, sugar cane output reduction is caused by the biofuel expansion of 
oilseeds biodiesel.  Sugar cane and soybean are important crops of Brazil.  Nonetheless, a 
large target of oilseeds biodiesel from both the US and the EU biofuel policies puts a 
great demand for oilseeds to the global crop market.  This demand is strong enough to 
cause the change in cropland pattern of not only in the US, the EU, but also in other 
regions including Brazil.  As oilseeds become more demanded, this raises the price of 
oilseeds.  Henceforth, oilseeds harvested area expands to other existing crops, which in 
the case of Brazil – is sugar-cane.  Note that there is no Brazil sugarcane ethanol shock in 
this simulation.  Wheat, coarse grains, and oilseeds, on the other hand, show overall 
output increases (with few exceptions).  A significant increase in coarse grains 
production in the US, i.e., corn, indicates a great push from the US ethanol target.  US 
corn production due to the US-EU biofuel expansion is 2 percent greater than the case of 
only US biofuel expansion.  In fact, only those crops used for biofuel feedstocks in the 
US and the EU show output growth. 
The combined oilseeds biodiesel targets increase the demand for oilseeds of the 
US and the EU; however, the effect spreads across the world at higher magnitude than the 
case of single country biofuel policy implementation.  US oilseeds output grows by 1.9 
percent (vs. 0.5 percent in the US biofuel expansion), while EU oilseeds output grows by 
2.87 percent (vs. 1.21 percent in the EU biofuel expansion).  The remarkable increase in 
Malaysia-Indonesia oilseeds output is important.  This 3.29 percent is nearly 5 million 
metric tons of additional oilseeds being produced.  With the growth of oilseeds outputs in 
the US and the EU, oil meal, by-product of biofuel from oilseeds also increases 
significantly and so does DDGS, by-product of coarse grains.  These increases in DDGS 
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and oil meal also suppress demand for feeds and oilseeds for the livestock industry. 
However, the US-EU biofuel expansion has negative impacts to the livestock industry 
despite the significant growth in DDGS and oil meal outputs.  Significant changes in 
livestock outputs concentrate in the US and the EU, the two biofuel program 
implementers.  Dairy is the most impacted by this expansion with output decline in every 
region.  Therefore, weakening in livestock industry is suspected to be a result of the US 
and EU biofuel mandates.  EU forestry products fall similarly to the cause of EU biofuel 
expansion; however, the global forestry output shows indifferent results between the 
single or combined biofuel target expansions. 
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Table 7-29 The Impact on the Regional Production Outputs due the US-EU Biofuels Expansion (in percentage change) 




























































































USA -4.47 -4.17 19.14 1.90 -0.66 -2.66 -0.83 -1.09 -0.95 339.80 25.08 25.36 -7.32 -0.61 -0.61 -1.27
EU27 -8.11 0.97 -8.38 2.87 -0.68 -5.47 -0.83 -1.04 -0.32 1568.18 53.96 54.12 0.20 -0.45 -0.57 -4.76
Brazil -0.39 5.10 0.78 8.35 -3.46 0.76 -0.03 -0.70 -0.60 -4.37 10.33 10.37 -2.54 -0.29 -0.65 -1.09
Canada 9.20 5.83 0.95 5.87 -0.09 1.88 -0.30 0.76 1.12 -4.10 5.23 5.32 -2.63 0.30 0.06 0.09
Japan -0.06 6.64 5.87 1.62 -0.03 0.66 -0.05 0.22 -0.04 -0.93 0.96 0.99 -0.14 -0.05 -0.04 0.05
CHIHKG -0.16 1.58 0.98 2.17 -0.05 0.58 -0.09 0.10 -0.05 -3.15 8.30 8.29 1.45 -0.30 -0.08 0.55
India 0.25 0.68 0.18 0.90 -0.11 0.81 -0.26 0.26 0.02 -2.15 14.22 14.23 1.41 0.00 -0.11 0.41
C.America 1.08 8.45 -0.32 8.51 -0.34 2.14 -0.87 0.01 -0.17 -1.61 20.75 20.80 1.89 -0.75 -0.18 1.16
S.America -0.35 -0.03 0.87 5.70 -0.33 1.69 -0.62 -0.69 -0.37 2.63 11.02 11.06 0.49 -0.43 -0.17 0.44
E.Asia 0.15 2.64 2.77 0.53 0.09 0.81 -0.12 -0.21 -0.35 9.35 -0.87 -0.85 -1.78 -0.37 0.01 1.22
MsiaIndo -0.43 14.18 -0.21 3.29 -0.12 0.91 -0.72 -0.55 0.13 1.42 8.15 8.17 -0.03 -0.41 -0.18 0.93
SE.Asia -0.44 14.08 0.91 1.07 0.08 1.86 0.32 -0.34 0.04 3.02 11.98 12.01 0.52 -0.49 0.09 1.09
S.Asia 0.16 1.46 0.57 1.89 -0.05 1.08 -0.24 -0.02 -0.08 6.94 0.07 0.08 0.01 -0.39 -0.04 0.41
Russia -0.44 2.95 -0.19 2.67 -0.33 0.59 -0.81 -0.36 -0.33 -1.77 6.71 6.72 0.80 -0.58 -0.34 3.40
E.Europe 1.74 1.94 0.60 3.68 -0.24 1.62 -0.33 0.00 -0.20 -2.30 11.05 11.04 1.33 -0.27 -0.37 0.78
Oth Europe 16.41 1.95 1.79 -1.01 -0.05 2.09 -0.07 -0.11 -0.53 0.44 20.59 20.62 -4.76 1.10 -0.10 2.43
ME&N.Afr -1.33 2.87 1.15 4.58 -0.35 1.43 -0.59 -0.10 -0.57 -1.04 30.10 30.14 1.46 -0.94 -0.53 -0.79
SSAfr -1.13 4.86 -0.16 1.79 0.18 2.83 -0.41 -0.06 -0.26 -0.10 7.80 7.84 0.20 -0.13 -0.29 -0.41
Oceania 0.74 2.08 2.92 3.45 0.37 1.96 -0.06 1.09 0.92 -0.49 13.76 13.77 0.67 0.39 0.13 0.50





The prices of outputs are also impacted as shown in table 7-30.  The prices of all 
traditional crops and most commodities in other sectors have gone up.  The significant 
increase in crop prices is primarily found in the US, the EU, Brazil, and South America.  
The prices of crops related to biofuel production increase especially in the US and the 
EU.  Despite a significant increase in US corn outputs and specialization in production, 
corn price still rises by over 12 percent.  This indicates the strength of corn demand for 
ethanol production.  EU wheat price, with no surprise, increases significantly considering 
less than 1 percent of domestic output growth.  In this case, EU wheat price is affected by 
insufficient domestic supply leading to higher imports.  Oilseeds are the other crop 
substantially impacted by the US-EU biofuel expansion with substantial price increase in 
all regions.  Oilseeds have many uses i.e. as food, as feed, and in biochemical industry. 
Additional oilseeds demand for biofuel makes them more expensive.  These higher price 
increases induce higher yield due to the yield-price elasticity. 
The price of forest products increases in every region with the highest increase in 
the EU where forest conversion is the highest.  For other regions with moderate to high 
changes in forest products prices, we found that these are the regions where forest is 
limited (e.g. Eastern Europe, Middle East and North Africa and Sub-Saharan Africa) or 
forest holds significant values (e.g. Brazil, and South America).  Livestock industry 
cannot avoid the impact from US-EU biofuel expansion.  The main driver of increase in 
their prices is from the limited pasture which causes them to be more expensive to 
produce.  Others e.g. processed food, processed feed and vegetable oils, all show higher 
prices. 
As biofuels expansion causes the changes in output production and output prices, 
the welfare of the people will also be impacted.  Table 7-31 shows the results of 
equivalent variation as an indicator of welfare impact in the GTAP model.  The result 
indicates a welfare loss in many regions, especially in the US ($48 billion) and the EU 
($31 billion), the two primary implementers of the biofuels mandates.  The major 
contributor to the losses in welfare of the US and the EU is allocative efficiency effect. 
Land and labor are reallocated to the production of crops for biofuel production, 
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especially dedicated energy crops.  As a result, they are forced to substitute those losses 
with imports. 
Trade contributes positively to US welfare.  However, the effect from reallocation 
of resources is far greater than the positive terms of trade effect which results in overall 
welfare loss.  Moreover, the biofuel expansion also causes impacts upon output 
production and prices in the economy.  Everything becomes more expensive, and hence 
consumers require more money in order to maintain their original utility level and 
consequently, the loss in overall welfare.  With regard to the EU, their land is quite 
limited, the biofuel targets force them to change their cropland pattern to facilitate 
feedstock crops and to import those excess demands.  As a result, these negative terms of 
trade and allocative effects cause them the aggregate welfare loss.  Most of other regions 
also show welfare losses at various levels; with very few exceptions.  The main driver of 
welfare loss or gain in other regions is the terms of trade effect; positive trade effect 
causes welfare gain and negative trade effect causes welfare loss. 
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USA 6.32 6.13 12.49 9.16 9.42 7.33 2.18 2.47 1.47 0.86 -11.99 36.29 7.65 0.57 0.55 7.64
EU27 6.67 10.31 11.09 10.18 10.06 10.74 4.13 3.58 0.88 -4.90 -9.34 11.90 1.11 0.47 0.65 17.63
Brazil 5.26 4.92 4.94 5.74 3.60 5.44 2.31 2.23 0.57 5.07 -0.25 7.29 2.84 1.30 0.79 10.73
Canada 1.85 5.18 3.13 4.91 5.24 4.44 1.44 1.48 0.14 4.43 -4.26 12.91 4.24 0.15 -0.01 6.14
Japan 1.34 2.28 2.32 1.94 1.35 1.36 0.87 1.08 0.42 8.25 2.16 7.41 1.16 0.00 -0.27 4.53
CHIHKG 1.77 1.55 1.82 2.24 1.54 2.00 1.22 1.15 0.22 1.93 1.60 -0.68 0.58 0.55 -0.13 3.19
India 2.73 1.85 2.23 3.04 2.28 2.63 2.06 1.66 0.18 2.37 0.75 3.94 0.33 0.19 0.55 3.56
C.America 4.58 3.96 4.87 5.83 4.47 5.06 4.48 1.82 0.32 57.94 -1.04 8.66 0.92 1.05 0.28 6.81
S.America 5.78 5.14 5.38 6.44 5.14 6.48 2.92 2.62 1.27 34.66 1.06 7.55 1.28 0.75 0.56 8.45
E.Asia 1.94 2.37 2.30 2.75 1.03 2.29 1.21 1.15 0.97 20.69 3.48 7.02 2.77 0.53 -0.10 3.93
MsiaIndo 3.16 3.00 3.11 3.98 3.10 3.74 1.75 1.73 0.18 16.33 0.91 4.36 1.47 0.66 0.32 4.44
SE.Asia 2.90 0.87 3.38 3.97 2.57 3.89 1.68 2.02 0.19 11.09 -1.15 4.38 1.64 0.57 0.02 5.07
S.Asia 1.69 1.96 1.83 2.40 1.99 2.43 0.96 0.89 0.22 2.11 1.32 5.01 1.13 0.65 0.12 1.65
Russia 2.17 3.35 2.28 3.19 2.12 2.32 1.16 1.14 0.76 2.33 0.54 1.94 0.51 0.51 0.29 7.16
E.Europe 2.45 3.33 3.51 5.11 2.73 3.73 2.32 1.84 0.91 3.70 4.44 2.56 0.75 0.49 0.70 9.47
Oth Europe -0.29 5.19 4.41 4.30 4.13 5.05 2.03 2.22 0.92 6.12 0.74 6.08 2.72 -0.30 0.10 9.93
ME&N.Afr 3.34 3.40 2.63 3.81 2.31 3.62 1.41 1.43 0.53 26.25 -1.69 5.30 0.88 0.75 0.22 9.72
SSAfr 4.01 3.69 3.55 4.57 2.63 4.47 1.47 1.30 0.11 8.84 -1.64 5.98 1.12 0.24 0.37 8.73
Oceania 3.48 4.61 4.65 4.89 3.62 3.99 1.06 1.24 -0.03 4.61 -0.42 1.67 0.79 -0.06 0.09 5.04





Table 7-31: The Welfare Impacts – Equivalent Variation Measure (in Million US 
Dollars) due to the US- EU Biofuels Expansion 
Aggregate Contribution Contribution 
Region Welfare of Allocative of TOT 
Effects Effects Effects 
USA         (47,857)           (58,806)            10,949 
EU27         (30,721)           (29,198)             (1,523) 
Brazil            1,312 155              1,156 
Canada              (622) (66)                (556) 
Japan              (782)                (167)                (615) 
CHIHKG              (627)                (182)                (445) 
India               582 (36) 619 
C.America           (1,647)                (821)                (826) 
S.America               432 31 401 
E.Asia               115 119 (4) 
MsiaIndo               388 262 126 
SE.Asia               420 37 383 
S.Asia                (13) (5) (8) 
Russia           (2,237)                (494)             (1,742) 
E.Europe               193 (37) 229 
Oth Europe           (1,165) (58)             (1,108) 
ME&N.Afr           (6,460)                (156)             (6,304) 
SSAfr              (609) (57)                (552) 
Oceania               576 22 555 
Total         (88,722)           (88,689) (32) 
Source: Author’s estimates. 
In summary, despite the ambitious targets from the biofuels policies of the US and 
the EU coupled with the strict sustainability criteria for land-use practice, we still have 
sufficient sustainable land to produce biomass.  This includes the result of the additional 
cropland needed in comparison to the available sustainable managed forest and pasture 
land for conversion in each region.  The similar results for the rest of the regions are 
presented in appendix E  Nonetheless, achieving the US and EU biofuel mandates with 
sustainable ILUC practice comes at a cost especially when concerning the impacts of the 
land-use allocation, cropland allocation, changes in output production and prices, and 
above all the welfare of the people. 
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7.2.4 The US-EU Biofuels Expansion with Fixed Food Consumption 
Throughout this research, all of the previous analyses were conducted based on 
the assumption that the results are mainly driven by the biofuels targets and the biofuels 
targets alone.  In this part, an additional constraint is augmented to address the issue of 
food consumption.  The fixing of food consumption is done to proxy the food-fuel issue, 
or in other words, the competition between the food and fuel.  All the first generation 
biofuels, such as corn/wheat ethanol, oilseeds biodiesel, come from food or feed crops.  
The question of competition of these crops for food and fuel purposes is inevitable.  In 
addition, the question of competition of land-use also arises.  Essentially we are asking 
the question of whether the sustainability criteria will be binding not only for biofuel 
production but also for two different measures of holding food consumption constant. In 
the first case, the food consumption of the LTMI countries will be maintained at the same 
level as the base year (2004).  These LTMI countries are those countries, according to the 
World Bank, having GDP per capita less than $10,000 US.  In the second case, global 
food consumption will be fixed at the same level as base year.   In other words, will the 
sustainability criteria remain non-binding even if we assure that food consumption 
remains at the base level?  This question is important because in the standard GTAP 
result, food consumption declines as food prices increase.  If food consumption were held 
constant, then more land would be needed for any given biofuel shock. Some policy 
makers may want to know if the sustainability criteria remain non-binding if food 
consumption is held constant. 
The US-EU biofuel expansion with food consumption fixed has greater ILUC 
impacts than the US-EU biofuel expansion in the absence of food consumption fixed as 
indicated in table 7-32.  The additional food constraint creates more pressure on land-use.  
The conversion of other land uses to cropland is 12.5 and 14.2 Mha for the LTMI, and 
global food consumption fixed respectively, which are 15 and 32 percent greater than the 
expansion in an absence of the food fix.  The pattern of land-use is similar for all US-EU 
biofuel expansions.  This pattern is cropland largely being converted from pasture in most 
regions; with exceptions of EU, Canada, and Japan that have cropland conversion from 
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managed forest.  The differences in cropland conversion of LTMI and global food 
consumption fixed cases are as expected.  That is, the global food fixed case requires 
greater cropland conversion to maintain the base food consumption level. 
Table 7-32: The Land-Use Impact on the Global Land Allocation due to the US-EU 
Biofuels Expansion with Food Consumption Fix (in thousand hectares) 
Region LTMI Food Consumption Fix Global Food Consumption Fix 
Forest Crop Pasture Forest Crop Pasture 
USA          (611)       1,851      (1,239)        (644)       2,195      (1,551) 
EU27       (2,008)       2,463         (454)     (2,821)       3,047         (226) 
Brazil           526          710      (1,236)          737          781      (1,518) 
Canada          (814)       1,112         (297)     (1,090)       1,458         (368) 
Japan            (11)            14             (3)          (23)            24             (2) 
CHIHKG           357          192         (548)          509          186         (695) 
India            (26)            72           (46)            (7)            63           (55) 
C.America           325          103         (427)          483            79         (562) 
S.America           711          419      (1,129)       1,076          440      (1,516) 
E.Asia             12              3           (15)            16              4           (20) 
MsiaIndo               3            19           (22)            26              2           (28) 
SE.Asia             49            (2)           (47)            89          (25)           (63) 
S.Asia            (25)          238         (213)          (25)          288         (263) 
Russia           850          281      (1,131)       1,220          322      (1,543) 
E.Europe          (188)       1,066         (878)        (117)       1,201      (1,084) 
Oth Europe             15            11           (26)          (42)            54           (12) 
ME&N.Afr            (24)          887         (863)          (24)          998         (974) 
SSAfr          (838)       2,556      (1,719)        (529)       2,544      (2,015) 
Oceania             14          462         (476)            24          556         (580) 
Total       (1,684)     12,455     (10,771)     (1,142)     14,218     (13,076) 
Source: Author’s estimates. 
In the LTMI case, 87 percent of cropland conversion comes from pasture and the rest (13 
percent) is from managed forest.  Global food consumption case has a slightly different 
pattern with 92 percent from pasture and 8 percent from managed forest.  In fact, the 
patterns of cropland conversion in the global food consumption fix are very similar to the 
case in absence of food consumption fix.  The fixing of food consumption for LTMI 
countries has some interesting facts when comparing to the case of global food 
consumption fix.  Change in land allocation tends to be limited in the LTMI countries. 
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For instance, India cropland expansion comes largely from pasture in the global case, 
with only moderate pasture being converted in LTMI case.   
Despite more rigorous constraints, the result of the biofuels expansions with 
LTMI and global fix food consumptions tell us that the sustainable land availability for 
biofuel production is not a problem in delivering biofuels targets.  Regardless of the 
LTMI or global food consumption fix, the additional cropland requirements for the 
biomass production and food production do not exceed the available sustainable managed 
forest and pasture land as shown in table 7-33.  The LTMI food consumption fix requires 
an additional 12.5 Mha, while the global food consumption fix requires 14.2 Mha.  
However, the sustainable managed forest and pasture land available for cropland 
conversion based on the US and the EU sustainability criteria is over 3.3 Bha.   
Table 7-33: The Impact on the Global Cropland Requirement vs. Potential Sustainable 
Managed Forest and Pasture Land for Conversion due to the US-EU Biofuels Expansion 
with Food Consumption Fix (in thousand hectares) 
Source: Author’s estimates. 
AEZ
LTMI Food Fix 
Additional 
Cropland 












AEZ1 303 334 - 185,224 185,224                
AEZ2 181 191 - 103,084 103,084                
AEZ3 337 342 - 102,389 102,389                
AEZ4 767 752 54,772              135,645 190,417                
AEZ5 1,008                1,015 106,857            145,978 252,835                
AEZ6 712 680 126,999            74,484 201,483                
AEZ7 1,569                1,878 3,664                649,392 653,056                
AEZ8 1,045                1,226 17,242              249,606 266,848                
AEZ9 1,284                1,521 78,387              104,995 183,382                
AEZ10 2,514                3,001 185,988            103,255 289,244                
AEZ11 1,054                1,246 106,875            64,563 171,438                
AEZ12 591 664 118,759            106,142 224,902                
AEZ13 307 374 4,595                130,799 135,394                
AEZ14 131 152 100,870            75,215 176,085                
AEZ15 594 766 153,011            48,874 201,885                
AEZ16 58 78 7,608                11,902 19,510 
AEZ17 0 0 - 609 1,238 
AEZ18 0 0 - 61 61 
Total 12,455              14,218 1,065,629         2,292,217 3,358,476             
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Table 7-33 shows the result by AEZs of the world, and none of them shows the 
binding condition or insufficient sustainable land for cropland conversion.  The results by 
region are presented in appendix F and the results are similar to the US-EU biofuel 
expansion without the food consumption fix.  There are a few AEZs in EU and Brazil 
showing less sustainable land for cropland conversion than the additional cropland 
requirement.  However, these are very small number (approximately 400 ha), which is 
quite small in comparison to all cropland and total sustainable land.  Moreover, despite 
insufficiency of sustainable land in those particular AEZs, we anticipate that EU and 
Brazil can shift the crop production to other AEZs with ample sustainable land. 
We now turn to the changes in crop allocation presented in tables 7-34 and 7-35, 
which provide overall pictures of the impacts of US-EU biofuel with food consumption 
fix.  Oilseeds, coarse grains, and wheat gain the most harvested areas.  In fact, the result 
emphasizes the significance of these three crops.  They are important staple food crops 
for many regions and now with their new roles as important biofuel crops.  Differences 
between the two food consumption fix cases are mainly driven by other agricultural 
products and wheat.  With respect to cropland-pasture, a greater loss of cropland-pasture 
to cropland occurs in the global food consumption fix case.  This is driven by higher 
demand for cropland from biofuel expansion and maintaining food production. 
In all cases of the US-EU biofuel expansions, the US and the EU are mostly 
impacted.  Coarse grains, primary feedstock for US ethanol production, have gained over 
6 Mha of cropland.  Similarly, wheat, primary feedstock for ethanol in the EU, gains 
more harvested area of at least 1 Mha for all cases in US-EU biofuel expansion. 
Expansions of coarse grains and wheat harvested area not only happen in the biofuel 
policy regions.  These expansions also happen elsewhere where the important production 
of coarse grains and wheat occur.  Biodiesel from oilseeds, the largest biofuel target of 
the EU, also gains significant harvested area in all cases of the US-EU biofuel 
expansions.  In addition to these primary feedstock crops for biofuels, we also find 
considerable gains in miscanthus and switchgrass harvested area on cropland of US and 
EU.   
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Table 7-34: The Land-Use Impact on the Cropland Allocation of All Regions due to the US-EU Biofuels Expansion with LMTI 
Food Consumption Fix 
Source: Author’s estimates. 
Region Paddy Rice Wheat Coarse grains Oilseeds Sugar Crops Oth Agri MiscanthusSwitchgrass Pasturecrop Total
USA (78)            (778)         6,110           108         (23) (1,295)       1,840        3,511        (7,545)        1,851        
EU27 (13)            1,627       (1,211)          1,200      98              (197)          959           0               -             2,463        
Brazil 41 112          231              2,144      (99) 425           0               (0)              (2,143)        710           
Canada -            452          54 412         (0) 194           0               0               -             1,112        
Japan (10)            12            5 2             (1) 4               (0) (0)              -             14             
CHIHKG (259)          175          66 323         (11) (102)          (0) (0)              -             192           
India (168)          60            (101)             66           (23) 238           (0) (0)              -             72             
C.America 7 48            (155)             101         (22) 124           (0) (0)              -             103           
S.America (35)            (191)         (60)               775         (18) (52)            (0) (0)              -             419           
E.Asia (37)            0              3 63           -            (25)            (0) (0)              -             3               
MsiaIndo (145)          - (27)               215         (6) (19)            (0) (0)              -             19             
SE.Asia (447)          17            (1) 210         (4) 222           (0) (0)              -             (2)              
S.Asia (42)            124          39 38           (5) 83             0               0               -             238           
Russia (1)              (11)           (150)             15           1                427           (0) (0)              -             281           
E.Europe 7 487          (9) 176         (5) 410           (0) (0)              -             1,066        
Oth Europe -            1              2 (0)            (0) 9               (0) (0)              -             11             
ME&N.Afr (23)            899          187              (30)          (6) (140)          (0) (0)              -             887           
SSAfr 365 563          (40)               244         5                1,420        (0) (0)              -             2,556        
Oceania 1 101          114              53           (2) 195           0               0               -             462           
Total (836)          3,699       5,056           6,116      (121) 1,919        2,799        3,511        (9,688)        12,455      
Change in Crop Harvested Area (in thousand hectares)
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Table 7-35: The Land-Use Impact on the Cropland Allocation of All Regions due to the US-EU Biofuels Expansion with Global 
Food Consumption Fix 
Source: Author’s estimates. 
Region Paddy Rice Wheat Coarse grains Oilseeds Sugar Crops Oth Agri MiscanthusSwitchgrass Pasturecrop Total
USA (93)            (699)         6,291           (92)          (17) (791)          1,852        3,532        (7,788)        2,195        
EU27 (6)              1,186       (1,374)          1,095      125            1,061        959           0               -             3,047        
Brazil 34 225          316              2,458      (112) 351           0               (0)              (2,490)        781           
Canada -            483          59 336         (0) 580           0               0               -             1,458        
Japan (14)            14            17 2             (1) 6               0               0               -             24             
CHIHKG (328)          261          68 398         (15) (198)          (0) (0)              -             186           
India (215)          123          (126)             97           (29) 211           (0) (0)              -             63             
C.America 14 72            (155)             126         (27) 50             (0) (0)              -             79             
S.America (41)            (122)         (33)               946         (23) (288)          (0) (0)              -             440           
E.Asia (48)            1              3 82           -            (34)            (0) (0)              -             4               
MsiaIndo (174)          - (27)               243         (6) (33)            (0) (0)              -             2               
SE.Asia (550)          23            (2) 278         (4) 229           (0) (0)              -             (25)            
S.Asia (58)            165          45 51           (6) 92             0               0               -             288           
Russia (1)              43            (203)             7             0                476           (0) (0)              -             322           
E.Europe 8 768          7 173         (9) 254           (0) (0)              -             1,201        
Oth Europe -            6              (20)               (3)            (0) 71             0               0               -             54             
ME&N.Afr (35)            1,159       236              (64)          (9) (290)          (0) (0)              -             998           
SSAfr 415 759          (129)             387         5                1,107        (0) (0)              -             2,544        
Oceania 1 230          137              58           (3) 133           0               0               -             556           
Total (1,089)       4,698       5,110           6,577      (132) 2,988        2,811        3,532        (10,277)      14,218      
Change in Crop Harvested Area (in thousand hectares)
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The greater demands in cropland due to the biofuel expansions especially for important 
feedstock crops and dedicated energy crops cause the reduction in cropland of other 
traditional crops.  Nonetheless, as we restrain the model to maintain food production, 
more cropland is needed to sustain the production of these traditional food crops.  As a 
result as we have seen in the change in ILUC in the previous section, more of other land 
uses are converted to cropland. 
We also need to look further into the welfare analysis of the two scenarios.  Table 
7-36 shows the comparison of the equivalent variations from different scenarios of the 
food consumption fix of the biofuel expansions by the US and the EU biofuel policies. 
The biofuels expansion still causes welfare losses.  The food consumption fix scenarios 
are included with an intention to represent the cases where consumers are shielded from 
potential effects due the food-fuel competition driven by biofuel expansion.  The biofuel 
expansion with global food consumption fix results in the highest global welfare loss of 
$98 billion US, followed by LTMI food consumption fix ($91 billion US), and finally, 
the normal biofuels expansion ($88 billion US).  Considering the size of global economy, 
these differences are relatively small; we can say that the global welfare impacts are 
similar regardless of absence or presence of food consumption fixes. 
Nonetheless, through welfare decomposition, it is found that the fixing of global 
food consumption actually creates more pressure on the optimal uses of resources 
(allocative efficiency effect).  Under the global food fix consumption, part of the land is 
being reserved for food production purposes (cropland and pasture land) to meet the level 
of base year food consumption.  By doing so, land becomes scarcer for cropland required 
for biofuel production in addition to a reallocation of many resources to produce 
dedicated energy crops.  This induces the higher return on land which also makes land 
become more expensive as an input.  Consequently, production costs rise, and so do 
output prices.  In an open economy where trade is liberalized, as outputs become more 
expensive given the same level of budget constraint, consumers suffer a welfare loss. 
This also reflects in more negative contribution of terms of trade to aggregate welfare. 
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Table 7-36: The Welfare Impacts - Equivalent Variation Measure (in Million US Dollars) 
due to the US- EU Biofuels Expansion with Food Consumption Fix 
Region No Food Fix LTMI Food Fix Global Food Fix 
USA              (47,857)             (48,094) (47,214) 
EU27              (30,721)             (32,255) (38,103) 
Brazil 1,312 1,458 1,721 
Canada (622) (580) (612) 
Japan (782) (995) (1,463) 
CHIHKG (627) (705) (1,052) 
India 582 458 401 
C.America                (1,647)               (1,775) (2,124) 
S.America 432 653 830 
E.Asia 115 (9) (234) 
MsiaIndo 388 400 442 
SE.Asia 420 388 338 
S.Asia (13) (69) (124) 
Russia                (2,237)               (2,236) (2,422) 
E.Europe 193 177 119 
Oth Europe                (1,165)               (1,205) (1,628) 
ME&N.Afr                (6,460)               (6,632) (7,394) 
SSAfr (609) (542) (584) 
Oceania 576 598 781 
Total              (88,722)             (91,021) (98,322) 
Source: Author’s estimates. 
In summary, despite of a similarity in many aspects between the US-EU biofuel 
expansion with fixing food consumption and the case with an absence of food 
consumption fix, there is one important difference.  Cropland requirement in the fixed 
food consumption case is much greater than in the absence of food consumption fix. 
Nonetheless, similarity exists in many aspects.  First, welfare loss slightly higher 
reflecting the fact that consumers are “forced” to consume food they would not consume 
in a market setting.  Second, changes in land-use allocation occur, and most of cropland 
expansion comes from pasture land.  Third, cropland is dominated by crops related to 
130 
biofuel production, i.e. coarse grains (corn), oilseeds and wheat.  And lastly, even with 
fixing of food consumption, sustainable land practice in biofuel production is feasible. 
There is sufficient sustainable land for cropland conversion to meet additional cropland 
requirement in all AEZs and all regions. 
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS 
Renewable fuels policies are created and implemented for several reasons, one 
being to improve the environment including climate change and GHG impacts.  
Extensive research has been conducted in order to craft the most effective policy that 
delivers renewable fuels and protects all aspects of environment.  This research is one of 
many attempting to study the impacts of the biofuel mandates.  We have incorporated 
sustainable land-use practices as the main driver of our study.  The sustainable land-use 
practice is defined by the sustainability criteria of the US RFS and the EU Directive 
2009/28.  We also incorporate food consumption fix cases to demonstrate the situation 
where we want to learn what are the impacts of holding food consumption constant while 
increasing biofuel production. 
8.1 Summary of Findings 
Our findings in all of the cases indicate unavoidable impacts of the biofuel 
policies on land uses (ILUC), cropland allocation, outputs and prices, and above all on 
consumer welfare.  In all cases, managed forest and pasture lands are converted to 
cropland to meet the higher demand.  These existing managed forest and pasture lands 
are currently in use for the direct and indirect production of commodities.  When they are 
converted away from their existing uses, production and prices change.  The aggregate 
US-EU biofuel expansion with global food consumption fix requires the most cropland 
expansion.  In all cases, the US and the EU, the two biofuel policy implementers in this 
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study, face the most ILUC.  Our findings also demonstrate significant changes in 
cropland allocation patterns.  That is, feedstock crops (corn, wheat, oilseeds, and 
dedicated energy crops) take existing cropland from other crops not only in the nations 
with biofuel mandates but also globally.  Consequently, shifts of cropland happen in 
many countries; and therefore, the global consequence is inescapable. 
Table 8-1: Summary of Changes in ILUC due to Various Biofuel Expansions 
Along with changes in land-use and cropland patterns, there are also changes in 
outputs and prices.  Output production and price are determined by supply of resources 
and demand of output.  As more land is demanded, the cost of production rises and so do 
the output prices.  Ultimately, consumer economic welfare will be negatively impacted 
Forest Crop Pasture
US Biofuel Expansion
      US (726)              1,309           (583)            
      EU (147)              226              (78)              
      World (702)              3,313           (2,610)         
EU Biofuel Expansion
      US 250               668              (918)            
      EU (1,944)           2,310           (366)            
      World 318               7,751           (8,070)         
US-EU Biofuel Expansion w/o Food Consumption Fix
      US (669)              1,801           (1,131)         
      EU (1,998)           2,411           (414)            
      World (501)              10,767         (10,266)       
US-EU Biofuel Expansion w/ LTMI Food Consumption Fix
      US (611)              1,851           (1,239)         
      EU (2,008)           2,463           (454)            
      World (1,684)           12,455         (10,771)       
US-EU Biofuel Expansion w/ Global Food Consumption Fix
      US (644)              2,195           (1,551)         
      EU (2,821)           3,047           (226)            
      World (1,142)           14,218         (13,076)       
Changes in Land-Use Allocation (in 
thousand hectares)
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given the same budget constraint.  We test the impact of food consumption changes 
through the food consumption fix and find that ILUC goes up as would be expected. 
Table 8.2: Summary of Welfare Impacts (Equivalent Variation Measure) of Various 
Biofuel Expansion (in $ billion US) 
The central focus of this research is the sustainable land practice of the biofuel policy 
implementation.  After implementing the US and the EU sustainability criteria based on 
the mentioned regulations, we found that the biofuel targets can be achieved with the 
sustainable land available under both US and EU rules in all scenarios. 
USA (47,857)             (48,094)            (47,214)               
EU27 (30,721)             (32,255)            (38,103)               
Brazil 1,312 1,458               1,721 
Canada (622) (580) (612) 
Japan (782) (995) (1,463) 
CHIHKG (627) (705) (1,052) 
India 582 458 401 
C.America (1,647)               (1,775)              (2,124) 
S.America 432 653 830 
E.Asia 115 (9) (234) 
MsiaIndo 388 400 442 
SE.Asia 420 388 338 
S.Asia (13) (69) (124) 
Russia (2,237)               (2,236)              (2,422) 
E.Europe 193 177 119 
Oth Europe (1,165)               (1,205)              (1,628) 
ME&N.Afr (6,460)               (6,632)              (7,394) 
SSAfr (609) (542) (584) 
Oceania 576 598 781 
Total (88,722)             (91,021)            (98,322)               
LTMI Food Fix Global Food FixNo Food FixRegion
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Table 8-3: Summary of Additional Cropland Requirement vs. Sustainable Managed 
Forest and Pasture Land due to various Biofuel Expansion (in thousand hectares) 
8.2 Research Limitations 
Like any research project, this research has limitations.  Following are some of 
the most important limitations that were identified: 
• Limitation in the Up-to-Date Sources of Sustainability Definitions
The US RFS and the EU Directive 2009/28 set the sustainability criteria in each
case.  Despite very comprehensive sustainability criteria in both of the policies, some of 
those criteria need to be further clarified.  For example, EU highly biodiverse grassland 
definition needs to be clarified perhaps by the number or specificity of species.  Both the 
















      US 1.3               114.6            114.0            228.6 
EU Biofuel Expansion
      US 0.7               177.8            211.4            389.2 
      EU 2.3               125.7            49.3              175.0 
      World 7.7               1,129.4         2,389.6         3,519.0 
US-EU Biofuel Expansion w/o Food Consumption Fix
      US 1.8               114.6            114.0            228.6 
      EU 2.5               125.7            49.3              175.0 
      World 10.8             1,065.6         2,292.2         3,358.5 
US-EU Biofuel Expansion w/ LTMI Food Consumption Fix
      US 1.8               114.6            114.0            228.6 
      EU 2.5               125.7            49.3              175.0 
      World 12.5             1,065.6         2,292.2         3,358.5 
US-EU Biofuel Expansion w/ Global Food Consumption Fix
      US 2.2               114.6            114.0            228.6 
      EU 3.0               125.7            49.3              175.0 
      World 14.2             1,065.6         2,292.2         3,358.5 
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serious issue in the environment; that is, soil erosion from wind and water.  These two 
factors should also be listed under the sustainability criteria if these criteria were 
designed to protect the environment. 
• Limitation on GIS Land Data
With uniqueness in involving the sustainable land practice in the impact analysis,
we had to investigate, explore and validate sources of geographical data which are 
essential to develop the sustainable land data.  Several issues were found; the most 
important of which is the absence of high detailed quality land data for other regions 
besides the United States and the European Union.  Although the US has the best data in 
quality and detail, absence of Wisconsin wetland data due to a licensing issue, and 
different farmed wetland definitions among different regions of the United States are 
examples of data issues we encountered.  We also encountered difficulty in this research 
from the incomplete definition of some of the sustainability criteria, the most common of 
all is the biodiverse grassland of the EU Directive.  Up to now, the complete and final 
definition of this is still yet to be agreed. 
• Limitations Regarding the GTAP Database and Model
The GTAP model is a great model representing the production side of the
economy.  One significant assumption of GTAP model is all the products/commodities 
will be consumed to ensure the market clearing conditions.  That is, based on available 
resources, the production of all outputs is consumed at the end.  However, this may not 
represent well in the case of stock keeping which is a normal practice of households, 
firms, and countries.  Absence of stocks is probably not a major issue for most studies 
using CGE models, but it could be important for some. 
All the data on prices, production, trade, and land of the GTAP database are 
meticulously developed through massive amounts of data including input-output tables 
for each country, trade data, protection data, etc.  These data are well calibrated.  With 
this extensive accuracy, the database tends to take a long time to develop and becomes a 
challenge for a researcher to perform any changes when needed.  The other important 
limitation we faced in this research deals directly with price of land or land rent.  The 
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GTAP land database is developed from several pieces of information namely cropland 
data, timber data and the United Nations agro-ecological zones.  The cropland and timber 
data provide the appropriate value of land.  However, this land is determined by land rent, 
which is monetary value per area (hectare).  If any research wishes to reserve part of land 
not to be used in the analysis, a simple removal of such land part could alter the real 
value of land.  This means that the value of removed land will be allocated to remaining 
land in the analysis, causing the remaining land to have higher land rent.  At the same 
time, land being removed from the analysis would have zero value.  This clearly does not 
capture the reality.  Furthermore, any change in land rent also affects the cost of 
production of crop outputs and other commodities as land is an important production 
factor of many commodities. 
Another price issue relates to commodities with no currently existing markets.  
An example is second generation biofuel feedstocks, e.g., miscanthus and switchgrass.  In 
other words, the data on the second generation biofuels may not be accurate due to 
absence of market and industry.  With that, we have to operate based on assumptions for 
these prices, which could be close or far from reality. 
8.3 Recommendations for future research 
Although it is clear from the results of this research that there is sufficient 
sustainable managed forest and pasture land for the conversion to cropland to achieve the 
biofuels targets, there are some remaining issues on which those with interest could do 
further research.  This research captures the first and second generation biofuels with the 
focus on those requiring land for production.  We assume the most likely biofuel mix for 
the US and the EU as of the time of this research.  Nonetheless, this mix could be 
changed depending on the policy and consumption behavior.  Therefore, with up-to-date 
information on future biofuel mix, the analysis could be redone.  Furthermore,  future 
biofuels such as algae or third generation biofuels are not yet tapped in the data base or 
the model.   
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The other aspect worth pointing out is the economic impact analysis of biofuel 
policy.  Currently the economic analysis is based on the impacts on output production, 
prices and consumer welfare.  Consumer welfare loss is found in all cases regardless of 
size of biofuel shock.  This loss results only from what the model is designed to capture. 
It also does not capture the upward shocks to crude oil prices that have occurred since the 
data base year. Other possible benefits such as positive gains from environment and 
employment are not captured in this research.  If all aspects are taken into account, the 
biofuel policy could provide a total positive outcome to people, economy and 
environment.  This research is attempting to provide a small piece of analysis focusing on 
the sustainable land practice.  It demonstrates that by solely concentrating on this facet, 
the renewable fuels policies of the US and EU can be carried out sustainably given the 
current interpretation of the criteria. 
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APPLICABLE VOLUME OF RENEWABLE FUEL OF THE UNITED STATES ENRGY 
INDEPENDENCE AND SECURITY ACT ON RENEWABLE STANADARD 
Applicable Volume of (in billions of gallons ethanol equivalent) 
Calendar 
Year 
Total Renewable Fuels 
Advanced Biofuels 






2009 n/a 0.50 0.60 11.10 
2010 0.10 0.65 0.95 12.95 
2011 0.25 0.80 1.35 13.95 
2012 0.50 1.00 2.00 15.20 
2013 1.00 a 2.75 16.55 
2014 1.75 a 3.75 18.15 
2015 3.00 a 5.50 20.50 
2016 4.25 a 7.25 22.25 
2017 5.50 a 9.00 24.00 
2018 7.00 a 11.00 26.00 
2019 8.50 a 13.00 28.00 
2020 10.50 a 15.00 30.00 
2021 13.50 a 18.00 33.00 
2022 16.00 a 21.00 36.00 
2023+ b b b b 
‘a’: to be determined by EPA through a future rulemaking, but no less than 1.0 BG 








EUROPEAN COMMISSION’S NATIONAL OVERALL TARGETS FOR THE SHARE OF 
ENERGY FROM RENEWABLE SOURCES IN GROSSS FINAL CONSUMPTION OF 
ENERGY IN 2020 
Member 
State 
Renewable energy target in 
gross final consumption of 
energy in 2020 
Member State Renewable energy target in 
gross final consumption of 
energy in 2020 
Belgium 13% Luxembourg 11% 
Bulgaria 16% Hungary 13% 
Czech 
Republic 
13% Malta 10% 
Denmark 30% Netherlands 14% 
Germany 18% Austria 34% 
Estonia 25% Poland 15% 
Ireland 16% Portugal 31% 
Greece 18% Romania 24% 
Spain 20% Slovenia 25% 
France 23% Slovak Rep. 14% 
Italy 17% Finland 38% 
Cyprus 13% Sweden 49% 
Latvia 40% United 
Kingdom 
15% 
Lithuania 23%   













LIST OF INDUSTRIES AND COMMODITIES IN GTAP_BIO-ADVFUEL MODEL 
 
Industry Commodity Description Name in GTAP
Paddy_Rice Paddy_Rice Paddy rice PDR
Wheat Wheat Wheat WHT
CrGrains CrGrains Cereal grains GRO
Oilseeds Oilseeds Oilseeds OSD
Sugar_Crop Sugar_Crop Sugar cane and sugar beet C_B
OthAgri OthAgri Other agirculture goods V_F, PFB, OCR
Miscanthus Miscanthus Miscanthus, a dedicated energy crop MISC
Switchgrass Switchgrass Switchgrass, a dedicated energy crop SWIT
Stover Stover Corn stover, a dedicated biomass Stover
Forestry Forestry Forestry FRS
Dairy_Farms Dairy_Farms Dairy products RMK
Ruminant Ruminant Cattle, ruminant meat production and wool CTL, WOL
NonRuminant NonRuminant Non-ruminant meat production OAP
Proc_Dairy Proc_Dairy Processed dairy products MIL
Proc_Rum Proc_Rum Processed ruminant meat production CMT
proc_NonRum proc_NonRum Processed non-ruminant meat production OMT
Cveg_Oil Cveg_Oil1 Crude vegetable oil Part of VOL
VOBP Oil meals Part of VOL
Rveg_Oil Rveg_Oil Refined vegetable oil Part of VOL
Bev_Sug Bev_Sug Beverages, tobacco, and sugar B_T, SGR
Proc_Rice Proc_Rice Processed rice PCR
Proc_Food Proc_Food Processed food Part of OFD
Proc_Feed Proc_Feed Processed feed Part of OFD
OthPrimSect OthPrimSect Other primary products Part of OFD
EthanolC Ethanol1 Ethanol produced from grains ETH1
DDGS Dried distillers grains with solubles DDGS
Ethanol2 Ethanol2 Ethanol produced from sugar cane ETH2
Biodiesel Biodiesel Biodiesel produced from vegetable oil
AdvfB_Misc AdvfB_Misc Biogasoline produced from miscanthus AdvfB_Misc
AdvfB_Swit AdvfB_Swit Biogasoline produced from switchgrass AdvfB_Swit
AdvfB_Stover AdvfB_Stover Biogasoline produced from corn stover AdvfB_Stover
AdvfE_Misc AdvfE_Misc Ethanol produced from miscathus AdvfE_Misc
AdvfE_Swit AdvfE_Swit Ethanol produced from switchgrass AdvfE_Swit
AdvfE_Stover AdvfE_Stover Ethanol produced from corn stover AdvfE_Stover
Coal Coal Coal COA
Oil Oil Crude oil OIL
Gas Gas Natural gas GAS
Oil_Pcts Oil_Pcts Petroleum and coal products P_C
Electricity Electricity Electricity ELY
En_Int_Ind En_Int_Ind Energy intensive industries CRP, I_S, NFM, FMP
Oth_Ind_Se Oth_Ind_Se Other industry and services
ATP, CMN, CNS, ELE, 
ISR, LEA, LUM, mvh, 
NMM, OBS, OFI, OME, 
OMF, OTN, OTP, PPP, 
ROS, TEX, TRD, WAP, 
WTP
NTrdServices NTrdServices Services generating non-CO2 emissions WTR, OSG, DWE
Pasturecrop Pasturecrop Pasture crop Pasturecrop









Region GTAP Region Description Corresponding Countries in GTAP
USA USA United States USA
EU27 EU27 European Union 27
AUT,BEL,BGR, CYP, CZE, DEU, 
DNK, ESP, EST, FIN, FRA, GBR, 
GRC, HUN, IRL, ITA, LTU, LUX, 
LVA, MLT, NLD, POL, PRT, ROM, 
SVK, SVN, SWE
Brazil BRAZIL Brazil BRA
Canada CAN Canada CAN
Japan JAPAN Japan JPN
CHIHKG CHIHKG China, Hong Kong CHN,HKG
India INDIA India IND
C.America C_C_Amer Central and Caribbean Americas MEX, XNA, XCA, XFA, XCB
S.America S_o_Amer South and Other Americas
COL, PER, VEN, XAP, ARG, CHL, 
URY, XSM
E.Asia E_Asia East Asia KOR, TWN, XEA
MsiaIndo Mala_Indo Malaysia and Indonesia IND, MYS
SE.Asia R_SE_Asia Rest of South East Asia PHL, SGP, THA, VNM, XSE
S.Asia R_S_Asia Rest of South Asia BGD, LKA, XSA
Russia Russia Russia RUS
E.Europe Oth_CEE_CIS
Other East Europe and Rest of 
Former USSR XER, ALB, HRV, XSU, TUR
Oth Europe Oth_Europe Rest of European Countries CHE, XEF
M.East&N.AfrMEAS_NAfr Middle Eastern and North Africa XME, MAR, TUN, XNF
SSA S_S_AFR Sub Saharan Aferica BWA, ZAF, XSC, MWI, MOZ, TZA, 
ZMB, ZWE, XSD, MGD, UGA, XSS




THE IMPACTS ON REGIONAL CROPLAND REQUIREMENT VS POTENTIAL 
SUSTAINABLE MANAGED FOREST AND PASTURE LAND FOR CONVERSION DUE TO 
EU BIOFUEL EXPANSION (IN THOUSAND HECTARES) 
 





















AEZ1 -                -                  -                 AEZ1 -               -                    -                 
AEZ2 -                -                  -                 AEZ2 -               -                    -                 
AEZ3 -                -                  -                 AEZ3 -               -                    -                 
AEZ4 -                -                  -                 AEZ4 0                  -                    -                 
AEZ5 -                -                  -                 AEZ5 -               -                    -                 
AEZ6 -                -                  -                 AEZ6 -               -                    -                 
AEZ7 324                3,558               130,411           AEZ7 -               -                    -                 
AEZ8 130                6,944               34,578            AEZ8 3                  -                    141                 
AEZ9 9                   4,484               5,231              AEZ9 233              7,915                 3,944              
AEZ10 97                 46,586             16,022            AEZ10 1,266            52,251               22,458            
AEZ11 60                 34,684             11,020            AEZ11 550              19,277               15,275            
AEZ12 28                 49,726             6,037              AEZ12 76                4,180                 5,404              
AEZ13 15                 3,864               6,448              AEZ13 0                  -                    -                 
AEZ14 4                   15,262             1,555              AEZ14 6                  4,495                 104                 
AEZ15 0                   10,829             113                 AEZ15 144              35,364               873                 
AEZ16 0                   1,838               2                    AEZ16 32                2,218                 1,060              
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 

























AEZ1 0                   -                  -                 AEZ1 -               -                    -                 
AEZ2 3                   -                  617                 AEZ2 -               -                    -                 
AEZ3 21                 -                  8,360              AEZ3 -               -                    -                 
AEZ4 45                 4,751               13,269            AEZ4 -               -                    -                 
AEZ5 242                24,582             69,563            AEZ5 -               -                    -                 
AEZ6 113                20,522             23,509            AEZ6 -               -                    -                 
AEZ7 -                -                  -                 AEZ7 46                -                    4,474              
AEZ8 -                -                  -                 AEZ8 29                226                    2,228              
AEZ9 -                -                  -                 AEZ9 204              19,638               3,023              
AEZ10 0                   -                  -                 AEZ10 89                20,471               1,588              
AEZ11 0                   -                  14                  AEZ11 0                  503                    15                  
AEZ12 72                 5,778               18,712            AEZ12 -               -                    -                 
AEZ13 -                -                  -                 AEZ13 51                347                    2,072              
AEZ14 -                -                  -                 AEZ14 53                6,637                 867                 
AEZ15 -                -                  -                 AEZ15 270              13,208               4,741              
AEZ16 -                -                  -                 AEZ16 10                578                    271                 
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 





















AEZ1 -                -                  -                 AEZ1 -               -                    -                 
AEZ2 -                -                  -                 AEZ2 -               -                    -                 
AEZ3 -                -                  -                 AEZ3 -               -                    -                 
AEZ4 -                -                  -                 AEZ4 0                  -                    38                  
AEZ5 -                -                  -                 AEZ5 0                  853                    124                 
AEZ6 -                -                  -                 AEZ6 0                  4,680                 2,790              
AEZ7 -                -                  -                 AEZ7 10                80                     46,292            
AEZ8 -                -                  -                 AEZ8 11                5,296                 47,592            
AEZ9 0                   296                  -                 AEZ9 4                  14,823               13,137            
AEZ10 3                   6,984               342                 AEZ10 3                  14,732               8,662              
AEZ11 2                   4,702               8                    AEZ11 4                  26,406               17,336            
AEZ12 1                   3,112               4                    AEZ12 2                  49,908               23,432            
AEZ13 -                -                  -                 AEZ13 3                  105                    24,860            
AEZ14 -                -                  -                 AEZ14 2                  673                    23,487            
AEZ15 0                   98                   7                    AEZ15 1                  9,651                 19,210            
AEZ16 -                -                  -                 AEZ16 1                  789                    5,650              
AEZ17 -                -                  -                 AEZ17 0                  -                    242                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 

























AEZ1 0                   -                  204                 AEZ1 2                  -                    2,543              
AEZ2 2                   -                  929                 AEZ2 0                  -                    1,280              
AEZ3 8                   -                  3,998              AEZ3 1                  -                    2,075              
AEZ4 2                   6,432               1,046              AEZ4 4                  6,403                 6,165              
AEZ5 0                   1,125               183                 AEZ5 8                  7,556                 8,153              
AEZ6 0                   646                  82                  AEZ6 6                  7,578                 8,738              
AEZ7 0                   -                  213                 AEZ7 14                844                    29,935            
AEZ8 2                   420                  1,012              AEZ8 5                  2,428                 7,317              
AEZ9 2                   746                  691                 AEZ9 2                  3,261                 4,548              
AEZ10 3                   204                  680                 AEZ10 1                  2,535                 1,494              
AEZ11 2                   229                  510                 AEZ11 0                  378                    125                 
AEZ12 0                   627                  121                 AEZ12 0                  318                    285                 
AEZ13 0                   -                  10                  AEZ13 -               -                    -                 
AEZ14 0                   -                  142                 AEZ14 -               -                    -                 
AEZ15 0                   -                  99                  AEZ15 -               -                    -                 
AEZ16 0                   -                  134                 AEZ16 -               -                    -                 
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 





















AEZ1 1                   -                  1,332              AEZ1 -               -                    -                 
AEZ2 2                   -                  1,370              AEZ2 -               -                    -                 
AEZ3 2                   -                  1,979              AEZ3 -               -                    -                 
AEZ4 16                 938                  7,207              AEZ4 -               -                    -                 
AEZ5 23                 3,469               24,690            AEZ5 -               -                    -                 
AEZ6 32                 13,914             26,748            AEZ6 -               -                    -                 
AEZ7 10                 1,576               49,052            AEZ7 -               -                    26,922            
AEZ8 14                 4,488               13,079            AEZ8 0                  -                    2,345              
AEZ9 14                 6,390               8,677              AEZ9 (0)                 1,080                 15                  
AEZ10 12                 4,223               6,473              AEZ10 (1)                 10,433               252                 
AEZ11 22                 1,629               8,254              AEZ11 (0)                 3,858                 40                  
AEZ12 117                5,671               44,545            AEZ12 -               -                    -                 
AEZ13 2                   106                  14,421            AEZ13 -               -                    15,114            
AEZ14 2                   2,806               6,302              AEZ14 0                  254                    22,916            
AEZ15 2                   910                  3,276              AEZ15 0                  1,426                 2,956              
AEZ16 1                   740                  2,410              AEZ16 -               -                    -                 
AEZ17 0                   622                  293                 AEZ17 -               -                    -                 
AEZ18 0                   -                  61                  AEZ18 -               -                    -                 

























AEZ1 -                -                  -                 AEZ1 -               -                    -                 
AEZ2 -                -                  -                 AEZ2 -               -                    -                 
AEZ3 -                -                  -                 AEZ3 -               -                    -                 
AEZ4 2                   448                  266                 AEZ4 (0)                 12,222               697                 
AEZ5 0                   627                  112                 AEZ5 (6)                 36,476               2,191              
AEZ6 (5)                  23,920             1,740              AEZ6 (2)                 13,565               427                 
AEZ7 -                -                  -                 AEZ7 -               -                    -                 
AEZ8 -                -                  -                 AEZ8 -               -                    -                 
AEZ9 -                -                  -                 AEZ9 -               -                    -                 
AEZ10 -                -                  -                 AEZ10 (0)                 -                    3                    
AEZ11 -                -                  -                 AEZ11 (1)                 11,204               465                 
AEZ12 -                -                  -                 AEZ12 (1)                 5,556                 92                  
AEZ13 -                -                  -                 AEZ13 -               -                    -                 
AEZ14 -                -                  -                 AEZ14 -               -                    -                 
AEZ15 -                -                  -                 AEZ15 0                  -                    34                  
AEZ16 -                -                  -                 AEZ16 0                  189                    9                    
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 





















AEZ1 4                   -                  499                 AEZ1 -               -                    -                 
AEZ2 -                -                  -                 AEZ2 -               -                    -                 
AEZ3 0                   -                  44                  AEZ3 -               -                    -                 
AEZ4 2                   1,547               185                 AEZ4 -               -                    -                 
AEZ5 10                 2,841               780                 AEZ5 -               -                    -                 
AEZ6 0                   759                  166                 AEZ6 -               -                    -                 
AEZ7 96                 -                  8,823              AEZ7 16                -                    9,706              
AEZ8 22                 -                  17,493            AEZ8 76                485                    15,793            
AEZ9 5                   -                  568                 AEZ9 27                9,255                 11,278            
AEZ10 8                   829                  569                 AEZ10 17                7,930                 8,725              
AEZ11 5                   69                   653                 AEZ11 0                  395                    48                  
AEZ12 3                   -                  339                 AEZ12 -               -                    -                 
AEZ13 2                   -                  2,616              AEZ13 8                  3,906                 2,243              
AEZ14 1                   -                  2,249              AEZ14 (63)               77,284               7,871              
AEZ15 0                   -                  87                  AEZ15 (77)               76,513               14,712            
AEZ16 0                   -                  170                 AEZ16 0                  -                    78                  
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 

























AEZ1 -                -                  -                 AEZ1 -               -                    -                 
AEZ2 -                -                  -                 AEZ2 -               -                    -                 
AEZ3 -                -                  -                 AEZ3 -               -                    -                 
AEZ4 -                -                  -                 AEZ4 -               -                    -                 
AEZ5 -                -                  -                 AEZ5 -               -                    -                 
AEZ6 -                -                  -                 AEZ6 -               -                    -                 
AEZ7 57                 12                   128,410           AEZ7 -               -                    -                 
AEZ8 140                2,262               36,065            AEZ8 -               -                    -                 
AEZ9 117                11,931             9,181              AEZ9 -               -                    -                 
AEZ10 195                26,011             9,221              AEZ10 4                  2,096                 373                 
AEZ11 11                 4,052               1,879              AEZ11 -               -                    -                 
AEZ12 2                   778                  302                 AEZ12 -               -                    -                 
AEZ13 115                -                  67,455            AEZ13 -               -                    -                 
AEZ14 19                 665                  11,226            AEZ14 0                  7,413                 -                 
AEZ15 5                   1,225               2,207              AEZ15 2                  13,716               295                 
AEZ16 1                   714                  362                 AEZ16 1                  1,622                 48                  
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 






















AEZ1 66                 -                  21,595            AEZ1 118              -                    131,367           
AEZ2 1                   -                  259                 AEZ2 107              -                    76,658            
AEZ3 0                   -                  51                  AEZ3 173              -                    81,862            
AEZ4 1                   -                  226                 AEZ4 382              22,009               105,289           
AEZ5 -                -                  -                 AEZ5 359              29,297               40,128            
AEZ6 -                -                  -                 AEZ6 274              41,414               9,846              
AEZ7 139                362                  62,750            AEZ7 17                -                    76,851            
AEZ8 89                 528                  40,163            AEZ8 25                9                       25,236            
AEZ9 123                362                  12,135            AEZ9 29                816                    23,064            
AEZ10 16                 -                  4,237              AEZ10 65                2,324                 18,930            
AEZ11 -                -                  -                 AEZ11 37                392                    3,639              
AEZ12 -                -                  -                 AEZ12 4                  69                     40                  
AEZ13 -                -                  -                 AEZ13 -               -                    -                 
AEZ14 -                -                  -                 AEZ14 -               -                    -                 
AEZ15 -                -                  -                 AEZ15 -               -                    -                 
AEZ16 -                -                  -                 AEZ16 -               -                    -                 
AEZ17 -                -                  -                 AEZ17 -               -                    -                 
AEZ18 -                -                  -                 AEZ18 -               -                    -                 













AEZ1 1                       -                     27,684                 
AEZ2 6                       -                     21,971                 
AEZ3 2                       -                     4,020                   
AEZ4 1                       22                      1,257                   
AEZ5 1                       32                      54                       
AEZ6 2                       -                     439                     
AEZ7 133                    -                     150,538               
AEZ8 47                     -                     18,092                 
AEZ9 27                     -                     10,557                 
AEZ10 15                     44                      5,230                   
AEZ11 22                     922                     6,932                   
AEZ12 36                     2,081                  7,025                   
AEZ13 -                    -                     -                      
AEZ14 -                    -                     -                      
AEZ15 0                       -                     311                     
AEZ16 0                       39                      1,709                   
AEZ17 0                       8                        74                       
AEZ18 -                    -                     -                      




THE IMPACTS ON REGIONAL CROPLAND REQUIREMENT VS POTENTIAL 
SUSTAINABLE MANAGED FOREST AND PASTURE LAND FOR CONVERSION 










AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 671            699             854               790                 55,425            
AEZ8 272            282             339               1,100              23,049            
AEZ9 21             22               27                1,874              4,179             
AEZ10 427            432             485               34,922             14,020            
AEZ11 257            260             300               32,860             9,371             
AEZ12 101            103             127               40,682             5,842             
AEZ13 32             33               40                131                 2,008             
AEZ14 18             18               21                644                 49                  
AEZ15 1               1                1                  900                 66                  
AEZ16 0               0                0                  719                 2                   
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 0               0                0                  -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 -            -             -               -                 -                
AEZ8 3               3                4                  -                 141                
AEZ9 243            248             306               7,915              3,944             
AEZ10 1,319         1,346          1,652            52,251             22,458            
AEZ11 575            589             730               19,277             15,275            
AEZ12 80             82               102               4,180              5,404             
AEZ13 0               0                0                  -                 -                
AEZ14 6               6                9                  4,495              104                
AEZ15 151            154             200               35,364             873                
AEZ16 33             34               43                2,218              1,060             
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 0               0                0                  -                 -                
AEZ2 3               4                4                  -                 617                
AEZ3 27             30               33                -                 8,360             
AEZ4 58             64               70                4,751              13,269            
AEZ5 313            346             384               24,582             69,563            
AEZ6 146            163             176               20,522             23,509            
AEZ7 -            -             -               -                 -                
AEZ8 -            -             -               -                 -                
AEZ9 -            -             -               -                 -                
AEZ10 0               0                0                  -                 -                
AEZ11 0               0                0                  -                 14                  
AEZ12 94             103             114               5,778              18,712            
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 -            -             -               -                 -                
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 62             65               82                -                 4,474             
AEZ8 40             42               52                226                 2,228             
AEZ9 290            302             398               19,638             3,023             
AEZ10 128            135             186               20,471             1,588             
AEZ11 1               1                1                  503                 15                  
AEZ12 -            -             -               -                 -                
AEZ13 69             72               92                347                 2,072             
AEZ14 76             79               105               6,637              867                
AEZ15 385            401             522               13,208             4,741             
AEZ16 15             15               20                578                 271                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 -            -             -               -                 -                
AEZ8 -            -             -               -                 -                
AEZ9 0               0                1                  296                 -                
AEZ10 6               7                12                6,984              342                
AEZ11 3               4                7                  4,702              8                   
AEZ12 2               2                5                  3,112              4                   
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 0               0                0                  98                   7                   
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 0               0                0                  -                 38                  
AEZ5 0               0                0                  853                 124                
AEZ6 2               4                3                  4,680              2,790             
AEZ7 17             20               24                80                   46,292            
AEZ8 22             27               30                5,296              47,592            
AEZ9 14             20               20                14,823             13,137            
AEZ10 11             16               15                14,732             8,662             
AEZ11 24             37               33                26,406             17,336            
AEZ12 30             50               42                49,908             23,432            
AEZ13 5               5                6                  105                 24,860            
AEZ14 3               4                5                  673                 23,487            
AEZ15 4               5                5                  9,651              19,210            
AEZ16 1               2                2                  789                 5,650             
AEZ17 0               0                0                  -                 242                
AEZ18 -            -             -               -                 -                


















AEZ1 0               0                0                  -                 204                
AEZ2 3               4                4                  -                 929                
AEZ3 18             27               24                -                 3,998             
AEZ4 10             23               16                6,432              1,046             
AEZ5 1               2                2                  1,125              183                
AEZ6 0               1                1                  646                 82                  
AEZ7 0               0                1                  -                 213                
AEZ8 3               4                4                  420                 1,012             
AEZ9 2               3                3                  746                 691                
AEZ10 4               4                5                  204                 680                
AEZ11 2               3                3                  229                 510                
AEZ12 1               1                1                  627                 121                
AEZ13 0               0                0                  -                 10                  
AEZ14 0               0                0                  -                 142                
AEZ15 0               0                0                  -                 99                  
AEZ16 0               0                0                  -                 134                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 3               4                4                  -                 2,543             
AEZ2 1               1                1                  -                 1,280             
AEZ3 2               2                1                  -                 2,075             
AEZ4 9               12               8                  6,403              6,165             
AEZ5 17             22               16                7,556              8,153             
AEZ6 14             18               12                7,578              8,738             
AEZ7 21             24               22                844                 29,935            
AEZ8 9               10               9                  2,428              7,317             
AEZ9 5               6                5                  3,261              4,548             
AEZ10 2               3                1                  2,535              1,494             
AEZ11 0               0                0                  378                 125                
AEZ12 0               1                0                  318                 285                
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 -            -             -               -                 -                
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 1               1                1                  -                 1,332             
AEZ2 3               3                3                  -                 1,370             
AEZ3 3               3                3                  -                 1,979             
AEZ4 22             23               25                938                 7,207             
AEZ5 32             35               37                3,469              24,690            
AEZ6 45             50               48                13,914             26,748            
AEZ7 14             15               16                1,576              49,052            
AEZ8 21             23               22                4,488              13,079            
AEZ9 20             22               22                6,390              8,677             
AEZ10 18             19               20                4,223              6,473             
AEZ11 32             34               36                1,629              8,254             
AEZ12 167            179             194               5,671              44,545            
AEZ13 3               3                3                  106                 14,421            
AEZ14 3               3                3                  2,806              6,302             
AEZ15 4               4                4                  910                 3,276             
AEZ16 2               2                2                  740                 2,410             
AEZ17 0               0                0                  622                 293                
AEZ18 0               0                0                  -                 61                  


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 -            -             -               -                 26,922            
AEZ8 0               0                0                  -                 2,345             
AEZ9 (0)              0                0                  1,080              15                  
AEZ10 (0)              1                1                  10,433             252                
AEZ11 (0)              0                0                  3,858              40                  
AEZ12 -            -             -               -                 -                
AEZ13 -            -             -               -                 15,114            
AEZ14 1               1                1                  254                 22,916            
AEZ15 0               1                1                  1,426              2,956             
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 3               3                3                  448                 266                
AEZ5 1               1                1                  627                 112                
AEZ6 2               14               (2)                 23,920             1,740             
AEZ7 -            -             -               -                 -                
AEZ8 -            -             -               -                 -                
AEZ9 -            -             -               -                 -                
AEZ10 -            -             -               -                 -                
AEZ11 -            -             -               -                 -                
AEZ12 -            -             -               -                 -                
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 -            -             -               -                 -                
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 1               1                (3)                 12,222             697                
AEZ5 (4)              (4)               (15)               36,476             2,191             
AEZ6 0               1                (5)                 13,565             427                
AEZ7 -            -             -               -                 -                
AEZ8 -            -             -               -                 -                
AEZ9 -            -             -               -                 -                
AEZ10 (0)              (0)               (0)                 -                 3                   
AEZ11 (0)              (0)               (1)                 11,204             465                
AEZ12 (1)              (0)               (2)                 5,556              92                  
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 0               0                0                  -                 34                  
AEZ16 0               0                0                  189                 9                   
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 5               6                7                  -                 499                
AEZ2 -            -             -               -                 -                
AEZ3 0               1                1                  -                 44                  
AEZ4 4               7                7                  1,547              185                
AEZ5 14             20               22                2,841              780                
AEZ6 0               1                1                  759                 166                
AEZ7 128            135             167               -                 8,823             
AEZ8 29             30               37                -                 17,493            
AEZ9 7               8                9                  -                 568                
AEZ10 11             13               15                829                 569                
AEZ11 7               9                11                69                   653                
AEZ12 4               4                5                  -                 339                
AEZ13 3               3                3                  -                 2,616             
AEZ14 2               2                2                  -                 2,249             
AEZ15 0               0                0                  -                 87                  
AEZ16 0               0                0                  -                 170                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 22             31               39                -                 9,706             
AEZ8 104            129             165               485                 15,793            
AEZ9 38             58               73                9,255              11,278            
AEZ10 24             38               48                7,930              8,725             
AEZ11 0               0                0                  395                 48                  
AEZ12 -            -             -               -                 -                
AEZ13 12             21               25                3,906              2,243             
AEZ14 (74)            (13)             (29)               77,284             7,871             
AEZ15 (89)            16               1                  76,513             14,712            
AEZ16 0               1                1                  -                 78                  
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 72             85               98                12                   128,410          
AEZ8 179            216             246               2,262              36,065            
AEZ9 156            204             222               11,931             9,181             
AEZ10 257            328             363               26,011             9,221             
AEZ11 14             18               20                4,052              1,879             
AEZ12 2               3                3                  778                 302                
AEZ13 146            171             203               -                 67,455            
AEZ14 25             31               35                665                 11,226            
AEZ15 6               8                9                  1,225              2,207             
AEZ16 2               2                2                  714                 362                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 -            -             -               -                 -                
AEZ2 -            -             -               -                 -                
AEZ3 -            -             -               -                 -                
AEZ4 -            -             -               -                 -                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 -            -             -               -                 -                
AEZ8 -            -             -               -                 -                
AEZ9 -            -             -               -                 -                
AEZ10 6               6                24                2,096              373                
AEZ11 -            -             -               -                 -                
AEZ12 -            -             -               -                 -                
AEZ13 -            -             -               -                 -                
AEZ14 0               0                0                  7,413              -                
AEZ15 3               3                22                13,716             295                
AEZ16 2               2                7                  1,622              48                  
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 86             119             135               -                 21,595            
AEZ2 1               1                2                  -                 259                
AEZ3 0               1                1                  -                 51                  
AEZ4 1               2                2                  -                 226                
AEZ5 -            -             -               -                 -                
AEZ6 -            -             -               -                 -                
AEZ7 181            258             293               362                 62,750            
AEZ8 116            167             189               528                 40,163            
AEZ9 166            305             339               362                 12,135            
AEZ10 21             34               38                -                 4,237             
AEZ11 -            -             -               -                 -                
AEZ12 -            -             -               -                 -                
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 -            -             -               -                 -                
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                


















AEZ1 151            172             184               -                 131,367          
AEZ2 136            158             166               -                 76,658            
AEZ3 222            269             274               -                 81,862            
AEZ4 498            631             620               22,009             105,289          
AEZ5 465            584             568               29,297             40,128            
AEZ6 358            457             442               41,414             9,846             
AEZ7 22             24               25                -                 76,851            
AEZ8 32             37               39                9                    25,236            
AEZ9 37             44               45                816                 23,064            
AEZ10 85             108             107               2,324              18,930            
AEZ11 49             65               65                392                 3,639             
AEZ12 5               8                8                  69                   40                  
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 -            -             -               -                 -                
AEZ16 -            -             -               -                 -                
AEZ17 -            -             -               -                 -                
AEZ18 -            -             -               -                 -                



















AEZ1 1               1                1                  -                 27,684            
AEZ2 9               9                12                -                 21,971            
AEZ3 4               4                5                  -                 4,020             
AEZ4 2               2                2                  22                   1,257             
AEZ5 1               1                1                  32                   54                  
AEZ6 3               4                4                  -                 439                
AEZ7 195            212             258               -                 150,538          
AEZ8 68             73               89                -                 18,092            
AEZ9 39             42               51                -                 10,557            
AEZ10 22             24               28                44                   5,230             
AEZ11 33             34               40                922                 6,932             
AEZ12 53             55               65                2,081              7,025             
AEZ13 -            -             -               -                 -                
AEZ14 -            -             -               -                 -                
AEZ15 0               0                0                  -                 311                
AEZ16 0               0                0                  39                   1,709             
AEZ17 0               0                0                  8                    74                  
AEZ18 -            -             -               -                 -                
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